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Abstract
Surgical procedures such as osteotomy and hip replacement involve the cutting of 
bone with the aid of various manual and powered cutting instruments including 
manual and powered bone saws. The basic mechanics of bone sawing processes are 
consistent with most other material sawing processes such as for wood or metal. 
Frictional rubbing between the blade of the saw and the bone results in the generation 
of localised heating of the cut bone. Research studies have been carried out which 
consider the design of the bone saw which deals with specifics of the saw teeth 
geometry and research which examines the effect of drilling operations on heating of 
the bone has shown that elevated temperatures will occur from frictional overheating. 
This overheating in localised areas is known to have an impact on the rate of healing 
of the bone post operation and the sharpness life of the blade.
The purpose of this study was to measure the temperature at three zones at fixed 
intervals of 3mm, 6mm, and 9mm away from the cutting zone. It should be noted that 
it was the first time that this measurement technique was used to measure the 
temperature gradient through the bone specimen thereby establishing the extent to 
which clinicians are experiencing thermal injury during sawing of bone while using a 
reciprocating saw. The effect of various cutting feed rate on temperature elevation 
was also investigated in this research.
The results showed that there will be a region of bone at least 9mm either side of the 
cutting blade experiencing thermal injury as temperatures in this region exceeded the 
threshold temperature of 44°C for necrosis (cell death).
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Chapter 1
Introduction
Chapter 1: Introduction
1.0 Background to Surgical Cutting Process
The cutting of bone is one of the oldest surgical operations in the history of medicine 
and cutting of bone has been experienced since prehistoric time. Medical amputation 
was performed with saws made of bone and stone. Trepanation, an operation to take a 
portion of the skull bone away, may have been performed as far back as 10,000 B.C 
(Majno, 1975).
The Hippocratic Corpus, the starting point of professional medicine, mentions the 
cases for trepanation as contusion and fissure-fracture, in addition to dents in the skull 
without fracture. The apparatus used by the Greek physicians was a pointed drill 
(trypanon), or a crown drill (pridn) which were operated by rolling between the palms 
or spun by a cord or bow moved crosswise like those used on wood for starting fires.
The practice of using surgical saws dates back to the reign of Tiberius (14 to 37 A.D.) 
when Celsus illustrated the style of amputating gangrenous limbs. The advance of 
anesthesia and the wars of the nineteenth century, mostly the American Civil War, 
increased the use of amputation and the cutting of bone. Amputations were made on 
any gunshot wound to the leg to fight infection and avoid gangrene. Cutting of the 
bone was the longest part of the procedure; hence a sharp saw was a precious tool at 
that time. Hand tools designed for surgical machining of bone have changed in the last 
130 years (Wiggins and Malkin, 1978). In recent years, the use of motor-driven burrs, 
drills, and saws has become more prevalent. Nowadays, clinicians utilise powered 
saws and drills to decrease the operating time and to present more accurate and 
precise cuts for arthroplasty insertion and fracture fixation device insertion. The saw
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tooth design of today’s saws and drills has not changed much over the centuries. 
Although the cutting speeds of these newer instruments are greater than those of hand- 
operated ones, the fundamental mechanism of operation of actual cutting tools has not 
been altered as a result of this evolution.
1.1 Ty pes of Surgical Process
There are several types of surgical cutting process such as sawing, drilling, and 
reaming which are power cutting. There are other cutting processes which are 
performed manually including the use of scalpels, chisels, osteotomes, scissors, etc. 
This thesis will concentrate on the use of power cutting tools particularly sawing and 
investigate the generation of heat during cutting procedures.
1.2 Aspects of Bone Sawing
In general, bone saws and bone saw blades are used to cut small and large bones in a 
way that allows the best surgical outcome for the patient. It should be noted that for 
each specific surgical procedure, different saws and blades have been optimised. Key 
aspects of the cutting process are the techniques either powered or manual sawing, the 
saw blade types and heat effect, irrigation and cutting forces impact on temperature.
1.2.1 Sawing Techniques
Surgical sawing may be divided into two categories: power and manual sawing. 
Power saws available are of electric and pneumatic types. Compressed air powered 
saws are frequently used for orthopaedic surgery. Power saws such as oscillating and 
reciprocating saws allow clinicians to make accurate cuts with a lot less effort than 
with hand saws. The types of power saws most commonly used are:
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Reciprocating Saw: This is a quick-cutting instrument for procedures where visibility 
and reach are a problem (MicroAire Surgical Instruments LLC, Virginia, USA) and it 
is used for quick cutting, shaping and contouring bone (Hall® Surgical, Linvatec 
Corporation, USA), for removing the skull cap, making linear cuts, or taking small 
bone specimens. Figure 1.1 shows a reciprocating saw blade.
Figure 1.1: Reciprocating blade 
Oscillating Saw: Oscillating saw movement is defined as an alternating circular
. TM
movement, defined over an arc of a circle. Figure 1.2 shows the 3M Maxi Driver 
oscillating blade LI 24.
F igure 1.2: Oscillating saw blade
Saggital Saw: The saggital saw hand piece offers good control, power, 
maneuverability, and visibility for correcting transverse or wedge osteotomies.
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Circular Saw: The blade of a circular saw is similar to that of a handsaw. The basic 
difference is that the circular saw has a round blade driven by a motor. The circular 
saw was invented to replace the handsaw.
Figure 1.4: Circular bone saw and blades (www.frets.com/FRETSPages/Luthier/Tools)
Manual sawing involves the use of hand saw and gigli saw as below:
Hand Saw: The hand saw (Figure. 1.5) can be used to saw through the skull, but is 
much slower than the more commonly used vibrating saw. Hand saws looking very 
like carpenters' saws are sometimes used for working on large bones.
Figure 1.5: Typical modem hand saw (www.cutleryandmore.com)
Gigli Saw: This is a flexible wire with sharp edges (Figure 1.6), and has the 
advantage of permitting bone cutting without the need to excise tissue in a large
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operating area. The saw is operated using both hands, the flexible blade is oscillated 
across the target material using sawing action.
1.2.2 Procedures where Saws are Used
Some of the more common orthopaedic procedures requiring bone saws and 
reciprocating blade components are: hip and knee replacement, spinal surgery (neck 
and back), hand including ulnar shortening (Labosky and Waggy, 1996; Firoozbakhsh 
et al., 2003), wrist, elbow, and shoulder surgery. For different procedures, different 
saws are utilised as well as various saw blades.
1.3 Heat, Irrigation and Cutting Forces
Issues with power cutting include the heat generation, cutting force (force in direction 
of cutting) and the use of irrigant. Cutting fluids can enhance the performance of 
cutting tools by cooling the cutting tool and the workpiece, by lubricating the cutting 
surfaces of the tool, and by flushing the chips from the work area. Moreover, 
reduction of frictional rubbing and heat generation and increase in tool life may stem 
from using coolant.
Figure 1.6: Gigli saw (http://www.pbs.org)
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The reduction of energy and the cutting forces makes it possible to reduce the thermal 
effect during cutting, and also reduces the amount of effort that has to be made by the 
surgeon and the tool. The tool wears out less quickly and the surgeon has better 
control of the instrument, thus ensuring greater manual precision. The shape of the 
teeth, as with saws, has a direct influence on the amount of heat generated.
1.4 Commentary on what this Project will Focus on
Bone cutting has always been a problem for surgeons. Due to the fact that bone is a 
hard living material, available techniques for the cutting of bone are still evolving. 
Many difficulties have been encountered in osteotomy procedures. Problems such as 
osteonecrosis, frictional heat, clogging, bluntness of tools, and the importance of 
sharp blades are critical. Orthopaedic bone cutting procedures such as osteotomy and 
hip arthroplasty involve the cutting of bone with the aid of various cutting instruments 
including manual and powered bone saws. During surgical procedures the frictional 
heat generated between the saw blade and bone may cause temperatures to exceed 
44°C; the threshold temperature for impaired regeneration of bone (Eriksson et al., 
1984), and bone necrosis (cell death) which has a critical impact on bone regeneration 
and post operative bone healing.
The main aims of this research project are:
1. Development of an experimental technique to measure the temperature in the 
localised cutting zone during bone sawing;
2. Investigation of the size of the heat affected zones during bone sawing;
3. Investigation of the effect of parameters such as cutting feed rate, and bone 
cortex thickness on temperature gradient during bone sawing.
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Chapter 2
Literature Review
Chapter 2: Literature Review
2.0 Overview
In this chapter the literature regarding bone structure and cutting of bone will be 
reviewed; the literature review in this study is divided into two particular sections. In 
the first section the principal definitions related to bone such as what bone is, different 
types of bone and their structure will be discussed. Next, the mechanical and thermal 
properties of bone will be outlined. The second section consists of primary cutting 
procedures like sawing, drilling, and bur cutting and parameters affecting these 
cutting processes.
2.1 What is Bone?
Bone is a hard, dense tissue that forms the skeleton. In addition to providing shape 
and structure to the body, bone stores mineral salts and also is involved with cell 
formation and calcium metabolism. Bones are different in shape and size and they are 
classified according to four principal types: long bones, short bones, flat bones, and 
irregular bones.
2.1.1 Long Bones
Long bones are found in the thigh, lower leg, arm, and forearm and include femur, 
tibia, and fibula (paired), humerus, radius, and ulna (paired). Figure 2.1 shows the 
typical structure of a human long bone. The central shaft of a long bone is called the 
diaphysis consisting of a wall of cortical bone and a hollow core called the medullary 
cavity or marrow cavity containing bone marrow. The ends of the bone are called the 
epiphyses, and are mostly cancellous bone covered by a relatively thin cortex of
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cortical bone. In children, the bones are filled with red marrow (responsible for the 
formation of blood cells), which is gradually replaced with yellow marrow (fatty 
tissue) during maturation.
Proximal 
epiphysis
Matsphysis
Diaphysls
Metaphysis
Distal 
epiphysis
Figure 2.1: Illustration of a typical long bone in humerus (Tortora and Derrickson, 2005)
2.1.2 Short Bones
The structure of short bones is similar to that of long bones, except that they have no 
medullary cavity. They contain mostly cancellous bone with outer layer of cortical 
bone. Short bones include the bones of the wrist, ankle, and fingers.
Femur
Articular cart Mag«
Articular cartilage 
Spongy bone 
Red bone marrow 
Epiphyseal Hne
Endosteum 
Compact bone 
Periosteum 
Medullary cavity
Nutrient artery in 
nutrient foramen
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2.1.3 Flat Bones
Flat bones (e.g. the skull and ribs) consist of two layers of cortical bone with a zone of 
cancellous bone sandwiched between them. Their cross-section is flat and they have 
marrow, but not a bone marrow cavity.
2.1.4 Irregular Bones
Irregular bones are bones which do not conform to any of the previous forms (e.g. 
vertebrae) and are variable in size and shape. These are made of cancellous bone 
covered with a thin layer of cortical bone.
2.2 Structure of Bone Tissue
Figure 2.2 indicates the hierarchical structural organisation of bone at various levels. 
There are two types of bone tissue in the macrostructure level: compact or cortical 
bone and trabecular or cancellous bone. These two types of bone vary in density 
dependant on how tightly the tissue features are packed together. There are other 
levels as below:
a. Microstructure: Haversian systems and osteons;
b. Sub-microstructure: Lamellae (a planar arrangement of mineralised collagen 
fibres);
c. Nanostructure: Fibrillar collagen and embedded mineral;
d. Sub-nanostructure: Mineral, collagen and non-collagenous organic proteins.
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Figure 2.2: Hierarchical structural organisation of bone (Rho et al., 1998)
2.2.1 Cortical Bone
Cortical bone is a dense bone with a porosity ranging between 5% and 10% (Martin et 
al., 1998). It consists of closely packed secondary osteons also called Haversian 
systems. The osteon has a central canal called the Haversian canal, which is about 
50[xm in diameter, and surrounded by about 16 concentric rings (lamellae) of bone 
matrix. The diameter of an osteon is about 200 (xm (Martin et al., 1998). Between the 
rings of the matrix, osteocytes are positioned in sites called lacunae. Osteocytes are 
connected to each other via a series of small channels called canaliculi, which are 
used for exchange of nutrients and waste. The Haversian systems are compactly 
organised in cortical bone resulting in a dense structure. Haversian canals consist of 
blood vessels that are parallel to the long axis of the bone and these are connected to 
each other and to the outside of the bone by means of Volkmann’s canals. Figure 2.3 
shows the structure of cortical bone from the periosteal to the endosteal surfaces. It 
may be observed that the periosteal surface is composed mostly of concentric layers 
of bone running around the entire outer surface of the long bone. This is called
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lamellar bone. The internal structure is composed of a dense structure of Haversian 
systems as previously described. Cancellous bone exists on the endosteal surface in 
the region of the bone epiphysis.
3uter circumferenliol 
lamellae
Inner
C ircum ferentia l 
lamellae---------
Periosteum
Endosteum
Haverston
canals
Volkrnann's
canals
Trabeculae 
or cancellous 
bone
Haversian systems 
(osteons)
Blood vessels
interstitial
lomelloe
Figure 2.3: Sketch of a typical long bone (After Benninghoff, 1944 reported in Martin et al., 1998)
2.2.2 Cancellous Bone
Cancellous bone is less dense than cortical bone. Its porosity is 75%-95% (Martin et 
al., 1998). The pores contain red bone marrow and are interconnected between the 
struts and plates forming the bone structure. The structure of cancellous bone (Figure 
2.4) is in the shape of randomly arranged plates which are known as trabeculae. The 
thickness of each trabeculae is about 200 |im (Martin et al., 1998). Haversian canals 
and osteons present in cortical bone are not found in cancellous bone.
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Figure 2.4: Morphology of cancellous bone (Sambrook, 2004)
2.2.3 Lamellar and Woven Bone
Cortical and cancellous bones may contain two kinds of bone tissue, either woven or 
lamellar. Woven bone is laid down rapidly, more than 4 urn a day, during growth or 
repair which explains its disorganised structure (Currey, 2002). It is so called because 
its fibres are aligned at random, and as a result has low strength. In contrast lamellar 
bone as illustrated in Figure 2.5 is slowly formed, has highly organised parallel fibres 
called lamellae and is much stronger. Woven bone is often replaced by lamellar bone 
as growth continues.
Figure 2.5: Lamellar bone structure 
(http://ww w. engin.umich.edu/.. ./bonestructure.htm)
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Cortical bone may be further characterised as primary or secondary bone. Primary 
bone is put down de novo on an existing bone surface; for instance; the periosteal 
surface, during growth. It may include circumferential lamellar bone and plexiform 
bone. Plexiform, or fibrolamellar cortical bone has a structure like a “brick wall” 
(Martin et al., 1998). It is primarily found in large, fast-growing animals like cows 
(Currey, 2002).
Blood vessels
2.2.4 Primary and Secondary Bone
.  I
A  --------------------------------------
Woven bone
Figure 2.6: The formation of plexiform bone (Currey, 2002)
Figure 2.6 shows the growth of plexiform bone and illustrates how bone is laid down 
around vascular channels forming woven bone, then lamellar bone and finally primary 
osteons. Figure 2.7 is the illustration of the plexiform bone.
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Figure 2.7: Plexiform bone 
(http://www.engin.umich.edu/. ../bonestructure.htm)
Secondary bone stems from replacement of existing bone by new lamellar bone. It 
results from a process known as remodelling. This bone consists of cylindrical 
structures known as secondary osteons or Haversian systems which were described 
earlier. The boundary between the osteon and the surrounding bone is called the 
cement line. In adult humans, most cortical bone is made up of secondary bone, which 
may consist of entire osteons and the remains of older osteons that have been partially 
resorbed (interstitial bone, shown in Figure 2.8).
C o m o «< t
b o n e
P e n o jto u m
M edullary
c a v ity
In ten titi* ]
S m  P i f y r » # J b  
fc«tow for
bone
Pnfostcal vain 
Pariotteal artery 
N riM tw m :
Central canal 
Perforating canal
Figure 2.8: Illustration of Haversian systems and interstitial lamellae (Tortora and Derrickson, 2005)
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There are four types of bone cells including osteoblasts, osteoclasts, osteocytes, and 
bone lining cells as described below in Table 2.1.
2.2.5 Bone Cells
Cell Description
Osteoclasts B one resorb ing  cells located  on bone surfaces in  w hat are called 
H o w sh ip ’s lacuna. T hey  are large cells w hich dém inéralisé the adjacent 
bone w ith  acids by d isso lv ing  its co llagen (M artin  et al., 1998).
Osteoblasts B one fo rm ing  cells w hich  are responsib le fo r the form ation o f  bone. 
T hey are located  near to  the  bone surface and responsib le fo r 
m anufacture o f  osteoid, w hich is p rim arily  com posed o f  collagen, 
noncollagenous p ro teins, p ro teoglycans, and w ater.
Osteocytes O rig inate from  osteoblasts. T hey are form er osteoblasts tha t becom e 
trapped  and surrounded  by bone m atrix  w hich they them selves 
produce. T he space w hich they occupy is know n as a lacuna.
Lining cells R etired  osteoblasts w hich escaped being  trapped and buried  in new ly 
form ed bone. They rest on  the bone surface w hen form ation stops.
Table 2.1: Bone cells description
Osteoblasts and osteoclasts work together in the bone structure like a team and they 
are dependent on each other. These teams of bone cells are known as BMUs (Basic 
Multicellular Units).
2.2.6 Modelling and Remodelling of Bone
Modelling is the continuous process by which bone mass increases to change the 
shape, size, and structure of the bone. This occurs during bone growth by resorption 
and formation of bone at different sites and rates.
Remodelling is a cyclical progress by which bone maintains a steady state through 
resorption and formation of a small amount of bone at the same site. Remodelling 
eliminates a portion of older bone and replaces it with newly formed bone.
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Microscopic damage and fatigue fracture are repaired by remodelling process. Martin 
et al. (1998) have hypothesised that remodelling ‘fine tunes’ the skeleton 
mechanically to increase its mechanical efficiency. There are five stages in bone 
remodelling as outlined in Table 2.2.
Stage Description
1. Activation R ecru itm en t o f osteoclasts to  a bone surface and 
signal coup ling  o f  osteoblasts
2. Resorption R esorp tion  o f  bone  by  osteoclasts and the 
H o w sh ip ’s lacuna is created  at th is stage
3. Reversal O steoclasts stop  resorb ing  and osteoblasts start 
refilling  th e  defect region
4. Form ation L aying  dow n o f  bone by  osteoblasts and lacuna 
is filled  w ith  osteoid
5. Quiescence R esting  o f  th e  bone surface; bone lin ing  cells rest 
on the  surface o f  the new  p iece o f  bone
Table 2.2: Bone remodelling stages
Figure 2.9 illustrates the remodelling sequence in cortical bone and cutting cone. 
Osteoclasts resorb tunnels along the longitudinal axis of the bone. Following a 
reversal phase, osteoblasts begin depositing concentric layers of new bone matrix to 
gradually fill the tunnel while the central canal of the secondary osteon is lined by 
resting osteoblasts. The typical remodelling process in cancellous bone is also shown 
in Figure 2.10.
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resorption reversal formation resting
cutting cone d o lin g  cone
F igure 2.9: Remodelling sequence in cortical bone showing the cutting cone (Arnett, 2005)
Resorption
R evcro l
Formation
Figure 2.10: Typical remodelling process in cancellous bone (Sambrook, 2004)
2.3 Properties of Bone
Bone is hierarchical, has a varying macrostructure, is anisotropic and so has different 
characteristics in different dimensions when loaded in different ways. Many studies 
have been carried out regarding mechanical and thermal properties of bone.
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Geometry and the properties of a loaded material are important when considering 
mechanical properties of a structure. In this regard, stress and strain are fundamental 
to this concept.
Force
Area
2.3.1 Stress and Strain
Figure 2.11: Conventional definition of stress
Stress is related to the load applied to a material and the size of the cross sectional 
area under load as shown in Figure 2.11 by the formula:
a  =  F/A,
where F  is the load and A represents the cross-sectional area through which the force 
is applied. Stress is usually measured in pascals (Pa) or N/m2.
Strain is the fractional change in dimension of a loaded material. It has no units and it 
is reported as relative to deformation (a strain of 0.01=1% deformation) (Turner and 
Burr, 1993). It is represented by the symbol £.
*
L s  = (L - Lq) /  Lo
F igure 2.12: Normal strain 
L  is the length of the object after deformation and Lq is the original length.
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Figure 2.13 shows a typical load-deformation (stress-strain) curve for bone which 
consists of an elastic and plastic region. When load increases in the elastic region, the 
deformation increases linearly. Permanent deformation begins to occur at the yield 
point where bone starts to deform plastically. Therefore, this region beyond the yield 
point is called plastic region. If the load applied increases, failure or fracture takes 
place at the failure point (Turner and Burr, 1993; Martin et al., 1998; Currey, 2002).
F igure 2.13: Stress-strain curve of bone
The slope of stress-strain curve within the elastic region is known as Elastic Modulus 
or Young’s Modulus which is a measure of natural stiffness or rigidity of the material 
for normal loading (tension or compression) (Martin et al., 1998). When a structure is 
loaded in tension, it gets longer in the load direction but it gets narrower in the 
transverse directions. The ratio of the transverse strain to the longitudinal strain is 
called Poisson’s ratio. Different loading scenarios produce different stress types in a 
structure described as compressive, tensile, shear, torsion, and bending stress (Turner 
and Burr, 1993). Figure 2.14 illustrates the different stresses relative to the load 
condition.
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(e)
F igure 2.14: Different types of stress 
(a) Compression, (b) Tension, (c) Shear, (d) Torsion, (e) Bending
2.3.2 What is Heat?
Heat is a form of energy that is transferred by a difference in temperature. It usually 
moves from the warmer substance to the cooler substance until they usually reach the 
same temperature. There are three different ways which heat can be transferred: 
conduction, convection, and radiation. In this thesis, the focus is on the conduction 
which is the transfer of heat from one substance to another through direct contact 
between them. Heat can be produced as the result of friction between the cutting tool 
and the bone. Heat can be transferred through the bone by conduction and this might 
be harmful for bone tissue. The time rate of heat flow Q through a perfectly insulated 
block, as shown in the Figure 2.15 is proportional to the gradient of temperature 
difference (Figure 2.16).
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Hot lee
W ater
Q
0°C
A ï
Figure 2.15: A perfectly insulated block
Ax
Figure 2.16: Proportional relation of heal transfer with insulation
The heat conduction formula is as below:
Q =  K A
A T
Ax
K is thermal conductivity, A is the area, Ax is thickness o f  the body o f  matter through 
w hich the heat is passing, and AT is the temperature d ifference through w hich the heat 
is being transferred.
I f  no insulation is used (Figure 2 .1 7 ), heat loss w ill occur and the corresponding graph 
w ill be exponential (Figure 2.18).
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Figure 2.17: A block without insulation
Figure 2.18: Exponential relation of heat transfer with no insulation
It seem s that in m ost bone cutting procedures using reciprocating or oscilla tin g  saw , 
there is heat loss to the surrounding environm ent as no insulation would be used  
during normal operative procedures, so  in this series o f  experim ents conducted in this 
research, w hich w ill be explained in Chapter 3, it is assum ed that the result m ay be 
best fitted with an exponential curve for all experim ents.
2.3.3 Mechanical Properties of Cortical Bone
Table 2.3 show the typical m echanical properties o f cortical bone in  human and 
bovine cited in  M artin et al. (1998). Bone is  considered as an anisotropic m aterial due 
to the fact that it has different properties in  different directions.
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P ro p e r ty H u m a n B ov ine
Elastic Modulus, (GPa)
Longitudinal 17.4 20.4
Transverse 9.6 11.7
Bending 14.8a 19.9b
Poisson’s ratio 0.39 0.36
Tensile yield stress, (MPa)
. Longitudinal 115 141
Transverse - -
Tensile ultimate stress, (MPa)
Longitudinal 133 156
Transverse 51 50
Tensile ultimate strain
Longitudinal 0.0293 0.0072
Transverse 0.0324 0.0067
Compressive yield stress, (MPa)
Longitudinal 182 196
Transverse 121 150
Compressive ultimate stress, (MPa)
Longitudinal 195 237
Transverse 133 178
Compressive ultimate strain
Longitudinal 0.0220 0.0253
Transverse 0.0462 0.0517
Shear modulus, (GPa) 3.51 4.14
Shear yield stress. (MPa) 54 57
Shear ultimate stress. (MPa) 69 73
Shear ultimate strain 0.33 0.39
Bending ultimate stress, (MPa) 208.6’ 223.8"
Bending ultimate strain - 0.0178b
Table 2.3: Typical mechanical properties of cortical bone in human (tibia and femur) and bovine 
(femur). Data listed from Cowin (1989), pp. 102, 103, 111-113, except as indicated (adapted from 
Martin et al., 1998).
" From Currey and Butler (1975); adult femur, three-point bending. 
b From Martin and Boardman (1993); tibia, three-point bending.
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Therm al properties o f bone tissue have been studied by some researchers (Lundskog, 
1972; Balasubram aniam  and Bowm an, 19 77; Zelenov, 1985; B iy ik li et al., 1986; 
Ranu, 1987; M oses et al., 1995; D avidson and James, 2000) and the values published 
illustrate a degree o f variability. A side from  the w ide variation in the quantitative 
results obtained from  these studies, test methods and procedures have also varied 
significantly. It  has been shown that the structure o f bone either cortical or cancellous, 
includ ing the bone m atrix, fat and water contents, and vascular system have a 
significant role in the properties o f bone (B iy ik li et al., 1986). The most important 
thermal characteristic o f a m aterial are summarised in Table 2.4.
2.3.4 Thermal Properties of Bone
T h e rm a l p ro p e r tie s  te rm s S c ien tific  d e fin itio n
S p ecific  h e a t  “ C ”  (J /k g K ) is  the measure o f  the heat energy required to 
raise the temperature o f  a specific quantity o f  a 
substance by 1 K.
T h e rm a l c o n d u c tiv ity  “ k ”  (W /m K ) is the intensive property o f  a material that 
indicates its ability to conduct heat.
Table 2.4: Thermal properties definitions
Lundskog (19 72 ) im planted a heated rod into rabbit tibia and observed that the 
isotherm s near the rod were circular, and thus concluded that cortical bone is 
therm ally isotropic. T his conclusion is sim ilar to that o f D avidson and James (2000). 
On the other hand, Zelenov (1985) investigated the therm ophysical properties of 
human cadaveric fem oral cortical bone and found higher conductivity and d iffusivity 
in  the longitudinal direction than in  the transverse direction as shown in  Table 2.5.
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A bouzgia and James (19 9 7) reached the conclusion that bovine cortical bone was 
therm ally anisotropic as they found different temperature gradients in different 
directions w hile d rillin g  through bone, consistent with Zelenov’ s results. They 
observed an average temperature drop o f 20°C in the longitudinal direction and about 
8°C over the same distance in the circum ferential direction.
B iy ik li et al. (1986) who were the only investigators who utilised insulation in their 
experim ental test measured thermal properties o f human fem ur and heat flow . They 
found thermal conductivity o f 0.3W /m K  fo r fresh human cortical bone w hile 
D avidson and James (2000), who used sim ilar methods, measured the thermal 
conductivity o f bovine cortical bone (using insulation) around 0.56±0.039W /m K 
w hich is alm ost double B iy ik li et a l.’ s result. A s B iy ik li et al. (1986) did not mention 
anything regarding use o f any therm al conductive paste to elim inate air gaps between 
the bone sample and other parts o f the system, this may be the reason for different 
thermal conductivity value in  these two studies as the presence o f an air gap acting 
lik e  a thermal insulator w ill have the effect o f reducing effective heat transfer to the 
measurement therm ocouple and thereby resulting in low er apparent thermal 
conductivity.
Table 2.5 illustrates the different thermal conductivity values o f cortical bone w hich 
have been measured by various researchers.
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Researcher Bone samples Conductivity (W/mK)
Chato (1965) Fresh, human 0.38
Kirkland (1967) B ovine and caprine 0.888-3.08
Dry ox 0.601
V achon et al. (1967)
Fresh ox 2.27
Lundskog (1972) Dry, human 3.56
Human (longitudinal) 12.8
Z elenov (1985) Human (radial) 9.7
Human (circumferential) 9.9
Fresh, human 0.3
B iyik li et al. (1986)
Dry, human 0.2
Saturated, equine 0.80
M oses et al. (1995)
Dry, equine 0.70
Fresh, bovine (longitudinal) 0.58
D avidson and James (2000) Fresh, bovine (radial) 0.54
Fresh, bovine (circumferential) 0.53
Table 2.5: Cortical bone thermal conductivity values according to different researchers.
2.4 Thermal Injury in Bone During Cutting of Bone
Therm al damage in bone m ay stem from  d rillin g  or saw ing during orthopaedic 
operations arising from  interfacial frictio n between the cutting tool and bone material.
The effect o f thermal in ju ry  on tissue, including bone, has previously been 
investigated. Heat production varies w ith the cutting speed, force, and loading o f the 
cutting tool and heat has harm ful effects on existing bone tissue (Thom pson, 1958; 
Pallan, 1960; Matthews and H irsch , 1972; Larsen and R yd, 1989) w hich may result in 
infection and reduced m echanical strength o f bone (C hristie, 1981). Irreversible
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changes to the m echanical properties of bone were observed when the bone was 
heated to 50°C (B onfield and L i, 1968).
A fter orthopaedic surgery, frictional heat generated between the saw blade and bone 
may result in  delayed post operative healing (Pallan, 1960). D rillin g  into cortical bone 
was carried out by C o llin s (19 53) who said bone was “burned to death” and that no 
evidence o f repair process could be seen postoperatively after five  weeks. Effect of 
temperature on bone became more clearly defined by R o u ille r and M ajno (1953) 
(A rticle  in  German, reported in Hom er 1961). They exposed rabbit bones to various 
degrees o f heat for different periods o f time. W ith an exposure to 55°C  for 1 minute, 
necrosis o f osteocytes was observed w ithin 24 hours.
Severe histologic reactions such as hyperem ia, degeneration o f osteocytes, changes in 
bone stainability, tears, and fragm entation o f the bone around the d rill hole edges 
were found in  bone specimens during d rillin g  o f bone (Thom pson, 1958). The areas of 
thermal necrosis around bur holes were identified by the presence o f osteocytes 
around holes (M oss, 1964). Less osteocytes characterised the m axim um  bone damage 
w hile more osteocytes around the periphery o f a bur hole showed m inim al bone 
damage.
Matthews and H irsch (19 72 ) believed the critical temperature for thermal bone injury 
is around 56°C  the temperature at w hich alkaline phosphatase is denatured. In  a rabbit 
experim ental model, Lundskog (19 72 ) observed some histochem ical evidence o f bone 
death adjacent to an im planted rod that was heated to 50°C  for 30 seconds.
Regarding thermal damage in bone, some other researchers (Eriksson et al., 1982) 
experimented on thermal in ju ry to bone by heating using a thermal chamber. A  
temperature o f 53°C  was reported to cause an irreversible bone injury. In  1983,
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E riksson and Albrektsson studied the hard tissue changes after heating in the range of 
4 7°C  to 50°C. Some effects such as stopping o f blood flow  occurred in some cases. 
Tw o to five  days after heating, most fat ce lls became darker w hich was the early sign 
of fat ce ll injury. Consequently, their w ork indicated that 47°C  fo r 1 minute is the 
threshold level for bone survival and temperature o f more than 4 7°C  caused increase 
in bone resorption and fat-cell degeneration. Temperatures low er than 4 7°C  did not 
seem to influence the bone tissue at the m icroscopic level. E riksson and Albrektsson 
(1984) defined the threshold temperature for im paired regeneration of bone in the 
range o f 44°C  to 4 7°C  when m easured at a distance o f 0.5m m  from  the im plant at an 
exposure time of 1 min.
2.5 Bone Osteotomy
Techniques available for cutting bone have been review ed by previous authors 
(G iraud et al., 1991; Baum gart et al., 1998), and they have concluded that irrespective 
o f the type o f instrum ent used the effectiveness o f the cutting process is affected by 
the degree o f sharpness o f the instrument, and the use o f coolant when using powered 
instrum ents to avoid bone cell necrosis, and the site location and tissue protection. A  
surgical procedure requiring the clin icia n  to cut bone known as an osteotomy may 
occur fo r various reasons such as:
a. bone fracture requiring fixation;
b. bone augmentation, excision, grafting and realignm ent to enhance m obility or 
jo in t functionality;
c. bone reconstruction fo r plastic surgery purposes;
d. insertion o f bone im plants fo r jo in t replacement or bone repair.
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Cutting o f bone may be perform ed in three different directions dependant on the 
osteon direction as Figure 2.19 illustrates three different sawing modes relative to the 
predom inant osteon direction.
Across Longitudinal Transverse
Figure 2.19: Illustration of the cutting modes relative to predominant osteon direction
(Plaskos et al., 2003)
2.6 Studies on Bone Cutting
The cutting process involves a cutting instrum ent (chisel, saw, d rill, bur), the target 
m aterial (cortical or cancellous bone or both), and a system that causes the instrument 
to cut the m aterial, this is norm ally a force either applied directly or indirectly. The 
prim ary source of research in  cutting system analysis has been metal cutting and 
num erous landm ark studies have been completed w hich define the process where a 
cutting tool has been used to cut the target m aterial. Force m odels have been 
developed in  these studies that provide a starting point for m odelling o f the bone 
cutting process (M erchant, 1945a; 1945b; Kham bay and W alm sley, 2000). Em phasis 
w ill be placed on the temperature changes and thermal effects during cutting o f bone 
in  this literature review . The prim ary cutting procedures used are:
• Saw ing using either reciprocating or oscillating saw;
• D rillin g ;
• B u r cutting.
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In  most experim ents, bovine bone was used as the specimen m aterial to be cut 
because o f its availability in sufficient quantities, useful size, w idely publicised 
properties, and its structural resem blance to human bone (Jow sey, 1966). The effects 
o f different cutting procedures and different effects o f speed, force, load, and 
irrigation w ill be discussed.
In  the orthogonal bone cutting process, a single edge cutting tool as shown in Figure 
2.20 m oves in  a straight line w ith a velocity o f v parallel to the surface o f the 
workpiece. The cutting edge is aligned at right angles to the direction o f the cutting 
motion. The m echanics o f the cutting process can be resolved by considering the 
cutting action as a two dim ensional process. The bone saw blade instrument can vary 
in  size, shape, and geometry, and is norm ally designed to meet the requirements o f the 
cutting process though im provisation may occur. The cutting component o f the 
instrum ent is norm ally m anifested in a toothed blade.
Reciprocating and o scillating saws are used w idely in  jo in t arthroplasty to reduce the 
surgery time and allow  accurate bone cuts and shaping for conform ance to the im plant 
design.
2.7 Bone Sawing
F
WORKPIECE
Figure 2.20: Orthogonal cutting illustration (Plaskos et al., 2003)
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Krause et al (1982), using a reciprocating saw, perform ed a set o f c lin ic a l trials to 
measure the force and temperature response on the saw blades during total knee and 
hip arthroplasty. A  therm ocouple was securely fastened onto the saw blade to record 
the saw temperature. They reported temperature without application of any irrigation 
exceeding 200°C (Figure 2.21). The vertical force applied by surgeon fluctuated 
between 4.5 and 7.5  N.
2.7.1 Effects of Cutting Forces on Temperature
Time - sec
F igure 2.21: Temperature recorded on saw (Krause et al., 1982)
In  another study by W achter and Stoll (19 9 1), osteotomy was perform ed by hand 
using an o scillatin g saw. The applied forces (either continuous or interm ittent) were 
directly recorded. They placed a therm ocouple at the base o f saw and temperatures 
greater than 100°C were recorded on the saw blade and in the bone w hile cutting with 
a continuously applied load (approxim ately 4 N ), regardless o f irrigation and up to 
140°C were observed using interm ittent load (up to 10 N).
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2.7.2 Effect of Cutting Speed on Temperature
In  the case o f sawing, either reciprocating or o scillating saw, no inform ation was 
evident in the literature about cutting speed effect on temperature.
2.7.3 Effects of Irrigation on Temperature
Tetsch (19 74 ) conducted a series o f experim ents in  the low er jaw  o f cats using an 
oscillating saw and recorded a temperature up to 300°C  without using coolant. 
Temperatures o f 150°C and 75°C  were observed on the saw tooth and in  the bone 
adjacent to the cut, respectively when no irrigating flu id  was used (Krause, 19 77). 
Krause et al. (1982) demonstrated that the use o f 60 m L/m in o f saline lessened the 
temperature from  170°C  (without irrigation) to the value o f 38°C  in in vitro cutting 
tests.
T oksvig-Larsen et al. (1990; 1991) developed an oscillating saw blade (Figure 2.22) 
made up of two in d ivid u al blades w ith an intermediate channel and sealed on the 
blade edges to direct cooling flu id  to the saw teeth. The cooling agent was 
successfully led to the saw teeth and the saw chips were cleared away from  the kerf 
and the temperatures achieved were below  the critical temperature fo r bone necrosis 
(44°C  to 4 7°C ). They also commented that irrigation using saline delivered by a 
syringe reduced the m axim um  temperature. H ow ever cooling by this method was very 
inefficient since the assistant, using the syringe, had to direct the coolant consistently 
along the blade surface to the teeth.
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Figure 2.22: Illustration of double saw blade (Toksvig-Larsen et al., 1991)
W achter and Stoll (199 1) found out that cutting o f bone using an intermittent load (up 
to 20 N ) com bined w ith the use o f coolant was more successful in controlling 
temperature and that bone chips could be removed easily by this method. A  mean 
temperature o f 45°C  was observed at the saw blade and temperatures did not exceed 
61 °C. Irrig atio n com bined with continuously applied load was ineffective because 
saline solution could not reach the bottom o f saw cut and the temperature increased to 
130°C. Thus, interm ittent bone osteotomy w ith use o f irrigation was recommended by 
these researchers.
2.7.4 Effect of Saw Design on Temperature
Results from  saw ing experim ents show that the design o f the cutting teeth on the saw 
blade have an im pact on the amount o f heat generated and resulting temperature in 
bone sawing (K rause et al., 1982). Figure 2.23 shows different temperature response 
of two different saw blades in  their study. It can be seen that the temperature recorded 
for the 1384-039 saw blade with more efficient design is less than that o f 1384-19.
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Figure 2.23: Different temperature response in 2 different saw blades (Krause et al., 1982)
How ever, T oksvig-Larsen et al. (1992) compared different saw blades (Figure 2.24) 
with different design and they showed that the sawing geometry did not low er the 
temperature significantly below the critical level. Table 2.6 shows their results 
regarding cutting o f bovine bone using different saw blades.
V ' i ...W
e
f
F igure 2.24: Different saw blade design, (a) 3M P512 reciprocating, (b) 3M L122 oscillating, 
(c) 3M LI 22 modification “h alf’ teeth, (d) 3M LI 22 Sandvik modification chamfer angel of 
30°, (e) Double saw blade, (f) Hall saw blade
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B lad e N o. te s ts A v erag e  te m p  (°C ) T em p  ra n g e  (°C )
3M  oscillating LI 22 61 101 ± 3 6 34-184
Vi teeth 17 196 ± 6 1 88-290
0 teeth 10 188 ±  110 78-450
Sandvik 10° 29 93 ± 3 7 41-194
Sandvik 30° 18 116 ± 4 8 53-187
Hall 12 153 ± 3 8 100-200
3M reciprocating P512 19 103 ± 3 7 40-200
D ouble saw blade 19 91 ±  19 49-112
Bone (20°C) 3M  LI 22 34 108 ± 2 3 72-171
Table 2.6: Maximum temperature recorded while using various saw blades in bovine bone cutting
2.7.5 Wear of Saw Blades
Regardless o f the widespread usage o f saw blades and power cutting tools in surgery, 
there has only been a few researchers that have investigated saw blade perform ance in 
experim ental m odels (Krause et al., 1982; W evers et al., 1987; Toksvig-Larsen et al., 
1990; 1992; A rk  et al., 1997a; 1997b; 1997c). Fo r any orthopaedic operation, the 
durability o f the blade has been a cru cial concern for any surgeon (A rk  et al., 1997b). 
Furtherm ore, blunt cutting tools may require the application of extra force (A lla n  et 
al., 2005), w hich in  turn may contribute to excessive frictional heat. Saw blade wear 
has been attributed to two different factors. F irstly, repeated use o f blades was 
assumed to dull the blade and secondly, it has been postulated that inadvertent contact 
o f the blade with a metal jig  or cutting guide w hile conducting the surgery may be the 
m ain cause of blunting o f the saw blade. W evers et al. (19 8 7) found that h alf of the 
saw blades taken from  the operating room were severely damaged. They noted that 
frequent use o f saw blades could decrease the cutting efficiency. They also found the 
force required to cut cortical bone using a blunt saw (32.08 N ) was nearly five  times 
greater than that encountered w ith new blades (6.75 N ). T his is in accordance with
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Matthews and H irsch (19 72 ), who investigated d rillin g  in  human cortical fem oral 
bone in  vitro and found worn d rills  to cause m uch greater temperature changes than 
new d rills.
2.7.6 Oscillating Saw Blade Geometry
A fter review ing the literature, inform ation could be only found regarding geometry o f 
o scillating saw blade but not about reciprocating saw blade. The oscillating saw blade 
can be distinguished by its width, thickness, length, and saw ing radius. The cutting 
teeth at the end o f the blade can be defined by pitch, tooth offset. A rk  et al. (1997a) 
defined the key factors o f the oscillating saw blade shown in  Table 2.7.
T e rm D e sc rip tio n
B la d e  w id th the distance across the blade body
B la d e  th ic k n e ss the distance betw een the opposing surfaces o f  the blade body
B la d e  le n g th the distance from the hub to the ends o f  the teeth o f  the blade
S aw in g  ra d iu s the distance from the centre o f  the mounting hub to the tip o f a 
tooth on the cutting edge shown in Figure 2.25
T h e  p itc h teeth per inch
T o o th  o ffse t the dim ension from the extrem e com er o f  one tooth to the 
extrem e com er o f  an opposed tooth (Figure 2.26)
Table 2.7: Geometry of oscillating saw blade
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Blade
Thickness
Blade
Length
Sawing Radius
Blade W idth
Figure 2.25: Oscillating saw blade dimensions (Arket al., 1997a)
W hen the blade teeth are offset, they are typ ically  oriented such that each successive 
tooth is alternated to opposing sides to produce a balanced cutting action. The offset 
causes the blade to cut a path that is w ider than the thickness o f the blade, hence 
creating a gap or passage to allow  the escape o f bone debris from  the cutting edge.
Blade teeth can be categorised as having sym m etric or asym m etric tooth designs:
• The sym m etric tooth arrangement has symmetry about an axis perpendicular 
to the cutting direction (Figure 2.27a).
• The asym m etric tooth lacks an axis o f symmetry perpendicular to the cutting 
direction (Figure 2.27b).
I
Blade Thickness Offset
F igure 2.26: Measurement of tooth offset (Ark et al., 1997a)
37
I ^ A / V V n WWW
(a) (b)
Figure 2.27: Oscillating saw tooth arrangement (a) symmetric, (b) asymmetric 
(Adapted from Ark et al., 1997a)
2.7.7 Geometry of Oscillating Saw Teeth
B lade teeth possess a triangular wedge shape form ed by opposing surfaces and two 
side faces. The tooth rem oves m aterial by initiating a series o f fractures as it moves 
along the surface o f the bone. The bone chips that are rem oved by the cutting process 
flow  up the leading tooth face. The apex o f the tooth serves as prim ary cutting edge 
and the other tooth edges are considered secondary cutting edge.
The shape o f the tooth is defined by the tooth height and wedge angle. Figure 2.28 
shows the tooth height w hich is  the distance from  the apex o f the tooth to the base of 
the triangular-shaped tooth and the wedge angle w hich is the angle between the 
secondary cutting edges on the surface o f the triangular tooth.
38
Figure 2.28: Dimension of oscillating saw teeth (Adapted from Ark et al., 1997a)
A  significant concern in  determ ining the cutting efficiency in  saw ing is  the rake angle 
w hich is defined by the sawing radius, the line from  the centre o f the tooth hub to the 
tip o f the tooth, and the leading tooth face. Figure 2.29 shows the different rake 
angles.
Cutter Velocity Cutter Velocity Cutter Velocity
(a) (b) (c)
F igure 2.29: Illustration of different rake angles, (a) Neutral, (b) Positive, (c) Negative
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2.8 Drilling of Bone
D rillin g  in  bone has significant c lin ica l applications particularly as a prelim inary step 
in the insertion o f pins or screws during repair o f fractures or installation o f prosthetic 
devices. Generation o f heat is one o f the m ajor problem s encountered when drilling. 
Several factors have been reported to influence temperature rise during d rillin g  
procedures such as d rillin g  depth (W iggins and M alkin, 1976), d rill flute geometry 
(Jacobs et al., 1974; W iggins and M alkin , 1976), sharpness o f the cutting tool 
(M atthews and H irsch, 1972), variation in  cortical thickness (Eriksson et al., 1984), 
d rillin g  speed (C ostich et al., 1964), pressure applied to the d rill (Matthews and 
H irsch, 1972), irrigation (L ave lle  and W edgwood, 1980; Eriksson et al., 1984) and the 
bone density (Y acker and K le in , 1996). Figure 2.30 illustrates Bachus et al. (2000) 
study in  w hich different temperature as a function o f time was recorded in 3 different 
locations from  the d rill site.
Tim« [Sac]
F igure 2.30: Temperature at different location from drilling site (Bachus et al., 2000)
Matthews and H irsch (19 72 ) demonstrated that the very high local increase of 
temperature present in  d rillin g  can destroy ce ll v iab ility  in  the area surrounding a 
hole. They studied the temperature obtained when d rillin g  bone, in order to determine
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the optimum d rillin g  conditions for cortical bone using a standard d rill. The 
experim ent involved m easuring the increase in temperature and the duration o f that 
increase in the cortical w all of a human fem ur, at a specific distance from  the d rillin g  
zone, for various rotation velocities and pressure applied to the d rill. The effects of 
using a d rill guide, of manual and forced irrigation, of d rillin g  a pilot hole and o f 
im pact d rillin g  were also studied. The results showed that neither the d rill guide nor 
im pact d rillin g  produce any additional increase in temperature. The force applied to 
the tool was a more critical factor than d rill rotation speed as far as temperature was 
concerned.
It  can be observed that the variation in  cortical thickness between species leads to 
having different temperature elevation during cutting o f bone, i.e., temperature of 
40°C  in  rabbit w ith mean cortical thickness of 1.5mm, 56°C  in dogs with mean 
cortical thickness of 3.5m m , and 89°C in human with mean cortical thickness o f
6.5mm  were recorded w hile d rillin g  in the fem oral cortex at a distance o f 0.5mm from 
the periphery o f the d rill hole (Jacob et al., 1976; Eriksson et al., 1984).
2.8.1 Effects of Drilling Force on Temperature
Although there is a widespread agreement that a sharp, coolant irrigated cutting 
instrum ent effectively lim its excessive d rillin g  temperatures, there still is 
disagreem ent as to how d rillin g  forces affect the cortical temperatures and their 
duration o f application. Studies have found that m axim um  cortical bone temperatures 
are directly related to d rillin g  force. In  a study that tested light d rillin g  forces, cortical 
temperatures increased as forces increased from  1.5 to 4 N  (A bouzgia and James, 
1997). They later discovered that as forces continue to rise from  4 N to 9 N , cortical 
temperatures decreased. How ever, several researchers such as Matthews and H irsch
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(19 72), A bouzgia and Sym ington (1996), A bouzgia and James (19 9 7) and Brism an 
(1996) have reported that cortical bone temperatures are inversely related to d rillin g  
force. They all observed a significant decrease in maxim um  cortical temperatures as 
the result of force increase.
Matthews and H irsch (19 72 ) tested forces ranging from  20 N to 118 N  and found that 
by increasing the force, bone temperatures and their duration above 50°C decreased, 
in  agreement w ith Bachus et al. (2000). Although the exact reason fo r this temperature 
decrease is vague, a higher force m ay reduce the time required to penetrate the cortex 
o f the bone.
2.8.2 Effects of Drilling Speed on Temperature
Thom pson (1958) studied low  d rillin g  speeds, temperature increases, and tissue 
damage. He d rilled  extraskeletal pins into canine m andibles and exam ined bone 
reaction to different d rill speeds. H e also measured temperatures adjacent to the 
d rillin g  site using therm ocouples at the distance o f 2.5m m  and 5mm from  the d rill 
point. Temperature at 125 rpm was 39°C  risin g  to over 65.5°C  for speeds o f 1,000 and 
2,000 rpm  at 2.5m m  from  the d rillin g  site. Thus, a d rillin g  speed o f 500 rpm was 
recommended by him  to m inim ise histologic response and therm al damage in  bone, 
also in agreement w ith Pallan (1960).
A bouzgia and James (19 9 7) found that the maxim um  temperature rise decreased with 
speed, fo r free running speeds from  27,000 rpm to 97,000 rpm. Except for the study 
by Matthews and H irsch (19 72 ), there seems to be general agreement that temperature 
rise increases w ith d rill speed up to approxim ately 10,000 rpm.
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C logging o f d rill flutes is identified as a serious problem  w hich causes increase torque 
and energy as the d rill bit penetrates deeper into bone. Therefore, it is necessary that 
the bone chips be rem oved from  the cutting zone w hile the d rill bit continues to 
penetrate. One method w hich could be used to reduce the im pact o f clogging is 
surgical irrigation (W iggins and M alkin , 1976).
Low  rotation rate, using saline solution, and gradually intermittent d rillin g  to help the 
saline reach the depth were suggested to defeat the temperature elevation w hile 
d rillin g  (Tetsch, 1974).
2.9 Bur Cutting
The m ajority o f investigation on high speed rotary cutting burrs has been performed in 
the dental and oral surgery areas with respect to physiologic and histologic response 
o f bone cutting w ith rotary tools. The reaction of bone follow ing the use o f burrs at 
conventional and ultra-high velocities, with and without application o f physiologic 
solution as a coolant was investigated (M cF a ll et al., 1961; M oss, 1964; H all, 1965; 
Jacobs and R ay, 1972). In  such studies the m ain focus was on thermal in ju ry to bone 
leading to necrosis (ce ll death).
2.9.1 Effects of Bur Cutting Forces on Temperature
No inform ation was evident in  the literature regarding the effect of cutting force on 
temperature during bur cutting.
2.9.2 Effects of Bur Cutting Speed on Temperature
H a ll (1959), Costich et al. (1964), M oss (1964), and Boyne (1966) considered ultra- 
high speeds o f 200,000 rpm to 300,000 rpm fo r cutting o f bone using rotary burs with
2.8.3 Effects of Irrigation on Temperature
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application o f coolant and found less damage to the bone and more bony repair than 
those observed at low er speeds, with sufficient coolant. Therefore, it can be assumed 
that it is more beneficial to cut the bone w ith higher speed using coolant.
Krause et al. (1982) exam ined the thermal effects and cutting forces o f spherical burrs 
w orking at 20,000 and 100,000 rpm for different feed rate (ranging between 
1,8mm/sec and 6.35m m /sec) and depth o f cuts. It  was observed that the maxim um  
temperature was decreased by increasing the feed rate. It was felt that the increase in 
feed rate had a greater effect on the temperature response than the rotational speed, so 
that cutting with a 100,000 rpm tool was satisfactory if  a fast feed rate was used.
2.9.3 Effects of Irrigation on Temperature
It  is an accepted surgical principle that a cooling agent is vital during bone surgery by 
means of rotary instrum ents (M oss, 1964; Costich et al., 1964; Lu rie  et al., 1984) but 
sometimes w ith cooling agent the temperature adjacent to burs may often reach 60°C 
and above (Lavelle  and W edgwood, 1980). Round bur and sem i-elliptical bur, each 
containing a central channel to facilitate internal irrigation, were used to exam ine the 
effects o f internal irrigation on frictional heat generated when cutting bone (Lavelle 
and W edgwood, 1980). They measured the temperature when using burs with 
internal, and external irrigation, and without irrigation. They reported that high heat 
developed in  a ll cases without irrigation and the m inim al heat developed with internal 
irrigation.
2.10 Effect of Depth of Cut on Temperature
The im portance o f the cutting depth for heat generation has been pointed out in some 
experim ents (Tetsch, 1974; Krause, 19 77; Krause e ta l., 1982).
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Increase in cortical temperatures was found as the depth of cut increased during an 
investigation for bur cutting (Krause et al., 1982). W hile d rillin g  through bone, greater 
temperature increase was observed at the 8mm depth versus ihe 4mm depth and the 
efficacy of irrigation in decreasing the frictio nal heat was evident at shallow  depth 
(4m m ) (C o rd io li and M ajzoub, 1997), in accordance with H ille ry  and Shuaib (1999).
Table 2.8 is the summary o f maximum cortical temperatures in studies.
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S tudy
M axim um
tem p era tu re
D istance from  
d rill p e rip h e ry B one type T ype o f s tudy Cooling
F ree  ru n n in g  speed 
(rpm )
Force
o r
(° C) (m m ) feed ra te
Thom pson > 6 5 2.5
Dog
mandible
in vivo No
125
to
2000
Not
indicated
Pallan 65 2
Dog
mandible
in vivo No
125
to
2000
Not
indicated
M atthews
and
Hirsch
140
< 5 0
0.5
Human
Fem ur
in vitro
No
Yes
345, 885, 2900 20, 59, 118 N
Jacobs
and
Ray
38 2
Rat
radius
in vivo Yes 2500
Not
indicated
Tetsch
300
76
1 C at mandible in vivo
No
Yes
Sawing
20,000
Not
indicated
Lavelle 89 No
and 74 0.5 Human femur in vitro Ext. irrigation 350 =  5 9 N
W edgwood 50 Int. irrigation
Krause e t al.
55
130
near periphery Bovine femur in vitro No
20,000; 100,000 
sawing
1.8-6.35
mm/s
Eriksson et al.
41
57
96
0.5
Rabbit femur 
Dog femur 
Human femur
in vivo Yes 20,000
Not
indicated
Table 2.8: Summary of maximum cortical bone temperatures in studies
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Chapter 3
Materials and Methods
Chapter 3: Materials and Methods
3.0 Selection of Components
In  this section the experim ental components w hich were utilised in this project w ill be 
discussed such as the temperature measurement device, data logging system, and also 
sensor bonding adhesive. A  typical method for setting up an experim ent for 
temperature measurement is illustrated below  in Figure 3.1. Temperatures in  bone 
during cutting are measured using therm ocouples. A  therm ocouple is connected via an 
A /D  converter to a data logger w hich is connected to a PC  with w hich temperature 
measurements can be stored and then analysed by means o f proprietary software.
B one
f t
A /D
C o n v e rte r
B o n d in g
A d h esiv e
O u tp u t
Figure 3.1: Schematic layout of typical heat measurement experiment
W hen inserting the sensor in  bone or on the surface, adhesive is used to ensure a good 
contact and a bond to ensure that no gap between the sensors exists that could 
influence the result. Thus, a special bonding adhesive was chosen for this purpose.
3.1 Selection of the Appropriate Temperature Transducer
Researchers have used therm ocouples (M atthews and H irsch, 1972; Lavelle  and 
W edgwood, 1980; Krause et al., 1982; Toksvig-Larsen et al., 1990; W achter and 
Stoll, 1991; C o rd io li and M ajzoub, 1997; H ille ry  and Shuaib, 1999; Bachus et al.,
2000; Sharawy et al., 2002; Firoozbakhsh et al., 2003), therm istors; a sensor that 
measures temperature via  a variable resistance value; (Jacobs and Ray, 1972; Tetsch, 
1974), R T D ’s; a resistance temperature device w hich is a sensor used for m easuring 
temperature where resistance varies as temperature changes; and infrared 
thermograph; w hich determines the temperature o f objects rem otely by infrared 
radiation; (Lundskog ,1972; Watanabe et al., 1992; Shin and Yoon 2006). 
Therm ocouples were utilised in  this project because they are more rugged than other 
types o f transducers and offer a much broader temperature range. Furthermore, they 
do not need a power source, and their low  cost makes them attractive choice for 
numerous experim ental acquisitions. Table 3.1 shows the advantages and 
disadvantages o f using a ll temperature transducers.
3.1.1 The Principle of Operation of Thermocouples
Therm ocouples are temperature measurement sensors w hich are used in industrial 
control applications because o f their low  price and their accessibility in variety of 
ranges. They are made o f two electrical conductors w ith dissim ilar metal alloys. 
W hen these d issim ilar metals are placed in contact, a voltage drop occurs across the 
interface. This voltage is a function o f temperature. T his voltage can then be read by 
means o f an A /D  converter or any voltmeter. The electrical conductors are usually 
b uilt into a cable and isolated in  a heat resistance sheath. P Y C  covered thermocouples 
were used in this project. The two conductors are jo in ed by w elding or soldering and 
sometimes are tw isted together at one end of the therm ocouple cable which is known 
as the hot junction. T h is junction is connected to the source of heat (i.e. bone) to be 
measured. The opposite end is called the cold junction or reference junction w hich is 
connected to a measurement system such as a data logger. B y  insertion o f the hot
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junctions in  m ultiple therm ocouple holes in  the bone, it is therefore possible to 
measure heat in a number o f adjacent regions.
3.1.2 Thermocouples Types
A  variety o f therm ocouples are available, suitable fo r different m easuring applications 
in industrial, scientific, food temperature, and m edical research fields as w ell as 
various operating environm ents and conditions.
The type K  is known as a general purpose therm ocouple. It  is  low  cost and it is 
available in  a w ide variety of probes. They are accessible in  the -1 8 0 °C  to +1300°C  
range. It has been utilised by some researchers in  measurement of bone temperature 
(M atthews and H irsch, 1972; Bragger et al., 1995; A bouzgia and Symington, 1996; 
A bouzgia and Jam es, 1997; Khanna, 1999). There are other types such as type T , J , 
N, E , R , S, and B ; their properties are described in  Table 3.2.
3.1.3 Thermocouple Selection for Measuring Heat in Bone
To fin d  and u tilise  a proper therm ocouple type fo r the heat sensing function o f this 
research, physical conditions, duration o f exposure, sensor lifetim e, and accuracy had 
to be taken into account. Through discussion and inform ation gathering with specialist 
com panies regarding therm ocouple such as Omega and T C  D irect, it was found that 
the type T  therm ocouples was most appropriate for this project. It has also been used 
by Krause et al. (1982), B iy ik li et al. (1986), Toksvig-Larsen et al (1992), W achter 
and Stoll (1991), A rk  et al. (199 7), Reingew irtz et al. (199 7), and Firoozbakhsh et al. 
(2003).
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RTD Therm istor IC sensor Thermocouple
Measurement type Absolute Relative
Advantages
■ Most stable
■ Most accurate
■ More linear than thermocouples
■ High sensitivity
■ Fast
■ Two-wire measurement
• Most linear
• highest output 
■ Inexpensive
■ Self powered
■ Rugged
» Inexpensive
■ Wide variety of physical forms 
* Wide temperature range
Disadvantages
• Expensive
■ Slow
■ Current source required
■ Small resistance change
• 4 wire measurement
• Self-heating
• Nonlinear
■ Limited temperature range
• Fragile
• Current source required
• Self-heating
■ Limited to 250°C
■ Power supply required
• Slow
■ Self-heating
■ Limited configurations
* Large mass
■ Nonlinear
■ Low voltage
■ Reference required
■ Least stable
■ Least sensitive
Table 3.1: Comparison of common types of temperature transducers (www.agilent.com)
5 0
Type C o n d u cto r M ate ria l
T e m p e ra tu re  ran g e  °C 
(continuous)
T em p e ra tu re  ran g e  °C 
(sh o rt term )
IE C  C olor code Notes
K
Nickel-Chromium (-) 
(Chromel)
Nickel- Aluminum (+) 
(Alumel)
0 t o +1100 -180 t o +1300
M ost suited to oxidizing 
atmospheres, it has a wide 
temperature range and is the most 
commonly used.
T
Copper (+)
Copper-Nickel (-) 
(Constantanl
-185 to +300 -250 to +400
♦
Excellent for low temperature and 
cryogenic applications. Good when 
moisture may be present.
J
Iron (+)
Copper-Nickel (-) 
(Constantan)
0 to +700 -180 to +800
*
Commonly used in the plastics 
moulding industry. Used in reducing 
atmospheres as an unprotected 
thermocouple sensor. NB. Iron 
oxidises (rusts) at low and at high 
temperatures.
N
Nickel-Chromium-Silicon 
(Nicrosil) (+)
Nickel-Silicon-M agnesium 
(Nisil) (-)
0 to +1100 -270 to +1300 !-------------
Very stable output at high 
temperatures it can be used up to 
1300°C. Good oxidation resistance. 
Type N stands up to temperature 
cycling extremely well.
E
Nickel-Chromium (+) 
(Chromel)
Copper-Nickel (-) 
(Constantan!
0 to +800 -40 to +900
*
Has the highest thermal EMF output 
change per °C. Suitable for use in a 
vacuum or mildly oxidizing 
atmosphere as an unprotected 
thermocouple sensor.
R
Platinum-13% Rhodium(+) 
Platinum (-)
0 to +1600 -50 to +1700 F = S '
Used for very high temperature 
applications. Usually in ceramic 
sheath.
S
Platinum-10% Rhodium(+) 
Platinum (-)
O to 1600 -50 t o +1750 /— & : Type S has sim ilar characteristics to Type R as shown directly above.
B
Platinum-30% Rhodium(+) 
Platinum-6% Rhodium (-)
+200 to +1700 0 to +1820 K Type B has sim ilar characteristics to Type R and S but is not so popular. 
Generally used in glass industry.
Table 3.2: Thermocouples types, conductor combinations, characteristics, approximate working temperature, and international color code
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Type T  is  a Copper-Constantan therm ocouple. A s can be seen in  Figure 3.2, type T  
therm ocouples have a positive Copper w ire and a negative Constantan wire.
Copper
■ ;  > .
Constantan
F igure  3.2: Thermocouple type T. The voltage V across the Copper and Constantan wires 
is a function of the temperature T at the junction
T h eir operating range is  between -  250 °C  and +  400 °C  and they are com m only used 
for m oist or sub-zero temperature m onitoring applications because of:
• superior corrosion resistance, and
• greater hom ogeneity o f the component w ires that reduce errors due to 
temperature gradients
A s indicated in  Table 3.2, these therm ocouples are good when m oisture is present. In  
this study due to the fact that bone surface is  damp and temperature w ithin the 
m easuring range o f the therm ocouple were expected, this type was used.
1  +
1  —
F igure 3.3: Illustration of thermocouple type T international color code
3.1.4 Thermocouple Type T
52
A  data logger is any device w hich can be utilised for storing data and may consist of 
many data acquisition devices such as plug-in boards or serial com m unication systems 
w hich use a P C  as a real tim e data recording system.
3.2.1 Data Logger SQ2020
T his data logger was selected for use as an A /D  converter for temperature 
measurement. The SQ 2020 T y p e lF 8  (G rant Instrum ent Ltd, Cam bridge, U K ) has 24 
inputs, 16 o f w hich can be configured to sample a variety o f analogue inputs such as 
voltage, current, or resistance and therm ocouples, the rem aining 8 being dedicated to 
digital, high voltage as w ell as a reference temperature sensor internal to the logger. 
The therm ocouples connected to the bone were used as analogue inputs for the data 
logger. The 16 analogue inputs are connected to blocks A  through to D , so only block 
A , B , C, and D  were used in  this project and block E  for digital and block F  for high 
voltage were not utilised. Configurations of block are as shown in  Figure 3.4. The 
SQ 2020 has a screw term inal connector to connect to the thermocouples. This 
term inal m ay be disconnected from  the logger to allow  hot swappable connection of 
sensors.
3.2 Introduction to Data Loggers
BLOCK
A
BLOCK
C
BLOCK
E
BLOCK
B
BLOCK
D
BLOCK
F
F igure 3.4: Rear view of PHOENIX connectors
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Accuracy o f this logger is +/- (0.05% o f reading + 0.025% of span) and the maximum  
sampling rate is 20 samples per second and linearity is 0.015%.
LCD Display
A rrow  keys 
E n te r
Esc
F igure 3.5: SQ2020 data logger
3.2.2 SquirrelView Software
The SquirrelView Assistant (Figure 3.6) is the control interface for all functionality 
within SquirrelView used to log temperature.
t  Sqim lelView A ssistant
Grant
»I
SquirrelView Assistant
Seiial RS232 (Port 1 Oaud 115200) f  I *  J
Squinel Analysis Tools Logge» Selection  Help
□
? .  4^)
Lo»« Sfll-Ufi DwniaadDdfl Anafcrô Miter Modo Logget Coiho< ConvnuKation
Woard
IF«
Previou« files used: (Double Click To  Open) 
Satie Ffe* i'Stti
Figure 3.6: SquirrelView Assistant window
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To setup the SQ2020, channels w hich are going to be used must be setup by using the 
S quirrelV iew  Assistant window and details o f the Sensor Type fo r each required 
channel can be selected. A s was mentioned earlier, differential type T  thermocouple 
and the range of -200°C to 400°C (available range in  Logger) was selected.
3.3 Selection and Use of Thermocouple Bonding Adhesive
W hen inserting therm ocouple into a d rill hole, there should be a good contact between 
the therm ocouple and bone specimen, m oreover, there should not be any gap in  w hich 
air could influence the test results. Thus, to lim it any error in  a ll measurement 
processes, therm ocouples were glued in  position into the holes.
A  cyanoacrylate adhesive (L O C T IT E ®  454 G E L ) w hich is extrem ely rapid curing 
adhesive, a derivative o f Instant A dhesive, Super G lue, or Crazy G lue was used. It  can 
be used for bonding metals, com posite m aterial, wood, cork and etc.
The operative specifications for this glue are shown below in  Table 3.3.
Specifications
Operating Temperature up to 80°C
Fixture Time (on steel) 5-20sec
Viscosity mPa.s G el
Especially for Porous Substrates
Table 3.3: Specifications for LOCTITE® 454 GEL
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3.4 Experimental Methods
The purpose o f this section is to c la rify  a ll procedures w hich were used in  the 
experim ental w ork o f this project as outlined below:
1. Preparation o f bone specimen;
2. Insertion o f therm ocouples into the bone;
3. Saw ing procedure;
4. Saw blade inspection.
Tw o series o f experim ent were carried out in  this project.
3.5 Experiment 1
In  this experim ent, whole m id diaphysis o f bovine tibia was cut by hand using a 
reciprocating saw.
3.5.1 Preparation of Bone Specimens
B ovine bone was chosen as the m aterial to be used because of availab ility  in  sufficient 
quantities, useful size, w idely publicised properties, and its structural resem blance to 
human bone. W hole bone specim ens from  bovine hind quarters were obtained from  a 
lo cal abattoir. The bones were then transferred to the laboratory w ithin 4 hours where 
the distal and proxim al ends were rem oved using a circu lar saw. Bone samples were 
m arked and tagged, so that it w ould be possible to distinguish different bone sources 
at later stages if  required. The bones were transferred to the bone freezer and stored at 
-  20 °C until use. Thus it was possible to prevent bone dehydration w hich is known to 
affect properties o f bone (Lundskog, 1972).
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Prior to experim ental testing, it was necessary to prepare test sites on bone specimens 
by rem oving excess soft tissue and insertion o f therm ocouples in  the area adjacent to 
the cutting zone. Experim ents were conducted on portions o f m id diaphysis o f bovine 
tibia. The frozen tibias were removed from  the freezer and allow ed to thaw for two 
hours under a damp cloth to prevent dehydration. A fter thawing, the surface o f each 
specim en was cleaned of any fats and tissues with a sharp knife. The bone marrow 
was also taken out from  all samples sim ilar to Matthews and H irsch (19 72 ) study.
3.5.2 Bone Clamping Fixture
A fter cleaning the surface and rem oving the bone m arrow, the specim en was held in a 
clam ping fixture. The fixture is shown below  in  Figure 3.7.
Figure 3.7: Bone clamping fixture
T his fixture was used to prevent movement o f the bone during preparation of the 
therm ocouple site and also during experim ental sawing process.
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W h ile  holding the specim en on the fixture, a d rill template was placed on the flat side 
o f the tibia. T h is template was used to assist in  accurate location o f the therm ocouple 
holes. In  this w ay it was possible to reduce sources o f temperature error by 
inconsistent positioning o f therm ocouples on subsequent test samples. The design o f 
this special template can be seen in  Figure 3.8. These holes are 1.4mm in  diameter 
and are positioned on a 3mm grid.
3.5.3 Preparation of Thermocouple Holes
This aluminum template was secured by a toggle action clamp acting on the flat and 
round surface o f the bone sample.
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A  d rill size was selected that w ould facilitate insertion o f the thermocouple w ires into 
the bone w hile also providing scope fo r fixation o f the therm ocouple using bonding 
adhesive. A fter in itia l trials, it was found that a diam eter 1.3m m  d rill bit would be 
most suitable.
First, the hole positions were marked by the d rill bit to a depth o f 1mm or 1.5mm via 
the d rill template. Then the template and the toggle action clam p were removed o ff 
the sample to sim p lify  d rillin g  conditions. F in a lly  each hole was drilled to a depth of 
5mm into the specimen (Figure 3.9).
F la t side  o f  th e  b o v in e  tib ia
3.5.4 Drilling the Holes
D rille d  holes  ► I  •  •m
Figure 3.9: Drilled holes
3.5.5 Time Required for Drilling each Hole
The approxim ate time fo r each cavity preparation was in  the range o f 17 sec to 30 sec, 
is  dependent on use o f water irrigation w hile d rillin g  w hich helps to m inim ise bone 
damage.
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3.5.6 Problems During Drilling
H oles were drilled in the bone by application o f interm ittent force to facilitate bone 
chip rem oval from  drilled  holes. It was observed that when a continuous d rillin g  
action was used, clogging occurred more often than w ith an intermittent d rillin g  
action. It should be noted that some o f these d rillin g  procedures were done without 
presence o f any coolant or irrigant and some d rillin g  were done with water irrigation 
to observe the difference in  d rillin g  efficiency. A s it has been reported in  the literature 
worn d rills  cause greater maxim um  temperature elevation and also greater durations 
o f temperature elevation (M atthews and H irsch, 1972), new d rills  were used at the 
first visual indication o f wear or after approxim ately 40 holes had been drilled. A fter 
fin ishing hole preparation, the sample was released from  the bone fixture and it was 
immersed into the saline for ten minutes to prevent dehydration and then placed under 
a damp cloth. I f  it was not intended to use the specim en im m ediately, it was otherwise 
returned to the bone freezer.
3.5.7 Thermocouples’ Zones Relative to the Cutting Zone
The therm ocouples were organised in three different zones relative to the cutting 
zone. Therm ocouples T l,  T2, T 3, and T4 were chosen to be in  the first zone relating 
to the saw ing line. T 5, T6, and T 7  were selected to be in the second zone and lastly T8 
fo r the third zone. A  triangle shape was chosen for hole position. The first reason was 
the lim it for the number o f therm ocouples (eight differential therm ocouples) w hich 
could be used by data logger. The area close to the sawing line (Zone 1) was 
important during this project to observe the effect o f temperature gradient, so by 
taking into account the lim itation on number of therm ocouples, four thermocouples 
were placed in  the first zone. To determine temperature distribution through the bone
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in  different directions, three holes were made in the second zone. One therm ocouple 
was placed in  the third zone. Figure 3.10  shows the arrangement o f the holes relative 
to the Saw ing Zone.
Figure 3.10: Thermocouples position relative to the sawing line in Experiment 1
3.6 Thermocouple Preparation
A s was mentioned previously, type T  therm ocouple was selected to be used in  the 
whole series o f tests because they are tolerant to m oisture on the bone surface. 
Therm ocouple cables were cut o ff in  the proper length o f approxim ately 550mm . The 
P V C  covers at both ends were taken out by means of a w ire stripper. Afterwards, the 
two metal conductors were twisted together at one end w hich was described earlier as 
the hot junction and this end was glued with L O C T IT E  454 G E L  into the previously 
drilled  holes into the bone (Figure 3.11).
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Figure 3.11: Thermocouples type T glued and inserted into the drilled holes
The opposite therm ocouple ends at the cold junction were placed and screwed into 
special 6 way connectors (18097 connectors, Grant Instrum ents Ltd, Cam bridge, U K ). 
Four connectors were used in  each test and w ith each connector providing 
connections for two therm ocouples, eight therm ocouples were connected to the 
measurement system, w hich was the universal portable data logger SQ2020.
2 thermocouples in each connector 
Figure 3.12: 18097 connector
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3.7 Data Logger Set-up
A fter positioning o f a ll therm ocouples in  the bone sam ple and in  the connectors, the 
processes described in Figure 3.1 3  were perform ed for setting up the data logger.
Figure 3.13: Data logger setup block diagram 
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A fter running the S quirrelV iew  software, inform ation such as sensor type was 
entered. Sample Interval o f 1 sec and Sample count o f 1 was set, so the reading would 
be stored every 1 sec. Then, the setup was sent to the logger and it was armed 
(activated). A ll data was stored and then exported to E xcel for further analysis.
3.8 Bone Saw
» ®
Saw ing procedures were carried out with an air-powered 3M  M axi D river 
Reciprocating Saw connected to the m ain air power system in  the laboratory. This 
device works at approxim ately 3,800 rpm and at 7 bar pressure (Toksvig-Larsen et al, 
1992). A ll sawing procedures in  Experim ent 1 were perform ed by hand.
There are a num ber o f attachments w hich could be connected to the saw such as 
oscillating saw, Jacobs chuck, ream er w hich are kept in  a sterilising case. These 
attachments are shown below  in  Figure 3.14.
Oscillating saw Pin w ire d river
Jacobs chunk
R eam er
R eciprocating saw
M axi D river 3
F igure 3.14: 3M Maxi Driver saw and its attachments
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A  num ber o f reciprocating, coarse blades, P512 (H all®  Surgical, Linvatec 
Corporation, Florida, U S A ) were used in  a ll series of tests. The dim ensions o f the 
blade are: 8.9mm x  79.8m m  x  0.89mm and the cut thickness is 1.40mm.
The advantage o f using the P 512 is that tooth offset produces a cut w ider than the 
thickness o f the blade, providing an escape route for the bone chips from  the cutting 
area. Each blade was in d iv id u a lly  numbered w ith an engraver to be distinguished 
from  others, during post experim ent evaluation o f wear.
3.8.1 Saw Blade
MaxJ-Drivei; Blode, Reciprocating.........................................    P512
8.9 x 79.fi x 0.89mm (0.035") and 
Cut Thickness 1.40mm (0.055"),
■¡t j t  i \  t t  t r  ®  MAXI-DRIVER™ BLADE 
J T U A i i U i U  RtcPROCATWG COARSE P512
v k a  w k  \ \ w c / W W a  w
■ 79.8 mm
8.9 mm
Figure 3.15: Reciprocating coarse P512 blade
3.9 Experimental Procedure
The previously prepared bone specim en was taken out o f the freezer and this frozen 
specim en was im m ersed into water at room temperature fo r 1.5 to 2 hours for 
thawing. Next, the fu lly  thawed bone (18 °C to 20 °C ) was rem oved from  the water. 
The hot junctions o f eight prepared therm ocouples were bonded and inserted into hole 
locations and cold junctions w hich were previously connected into the 18097 
connectors, were attached to the data logger. Then, the sam ple was placed and 
clam ped into the bone fixture. The bone fixture was also held onto the w ork bench 
using a toggle action clam p (Figure 3.16).
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Figure 3.16: Schematic of the Experiment 1
B y  means o f a sharp knife, a line on the bone sample in  a distance o f 3mm from  the 
lin e  o f first zone was marked to place the blade fo r the first contact w ith bone and to 
have the exact lin e  o f cutting. The P512 blade was placed into the reciprocating saw 
and air hose was connected to laboratory m ain air system. B y  sending the previously 
setup inform ation fo r data logger w hich was explained earlier to the logger, data 
logger was armed and sawing was started sim ultaneously.
Transverse cutting across the tib ia was conducted. The sawing procedure and saw 
blade position on the bone w ill be explained in  section 3.10. W hen the saw blade cut 
m ore than h alf way through the bone section (Figure 3 .1 7 ), sawing was stopped and 
temperature measurement was continued until the temperatures were returned almost 
to the room temperature.
I
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Figure 3.17: Illustration of half way transverse cut. Front view
A fter com pletion o f cutting, the logger was disarm ed and data file  was downloaded 
and im ported to S q uirrelV iew  software fo r A nalysis. A ll data was exported to E xcel. 
The blade was permitted to cool adequately to room  temperature after each test. 
Therm ocouples were disconnected from  the sample by a w ire cutter and sample was 
released from  the bone fixture. To distinguish the samples from  each other, the test 
num ber and the blade num ber were m arked on the bone specim en w ith a permanent 
m arker (Figure 3.18 ). Eventually, the sample was put in  freezer fo r further 
investigation regarding the C S A  o f the cutting zone and the rate o f the bone rem oval. 
Tw enty samples were cut in  Experim ent 1.
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Figure 3.18: Top view of a marked bone
3.10 Sawing Procedure in Experiment 1
The typical saw ing process in  Experim ent 1 was as shown in Figure 3.19. The blade 
was m aintained in  a horizontal orientation.
Figure 3.19: Cutting process in Experiment 1
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Figure 3.20 illustrates the saw ing process from  the top view  and position o f the blade 
is  3mm from  the first zone o f therm ocouples.
Figure 3.20: Top view illustration of sawing. Blade location relative to thermocouples
A s it can be seen in  Figure 3.21, the blade and bone have m axim um  contact in  this 
position m aking in itia l sawing d ifficult. Therefore, the cutting action was adapted to a 
see-saw ing action (Figure 3.22) to reduce the in itia l area o f contact and hence 
im proved the cutting efficiency o f the blade. W hen the bone surface was cut almost 
1.5m m  then the saw blade could be positioned in  a horizontal direction (Figure 3.21). 
It  was observed that the more contact area between the blade and the bone, the greater 
the d ifficu lty  in  com pletion the cutting process without intermittent sticking.
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nFigure 3.21: Sawing with blade held in horizontal position. Feed is in vertical direction
Figure 3.22: Sawing with blade held in see-sawing action. Feed is in vertical direction
3.10.1 Problems During Sawing Procedure
D uring sawing, some problem s were encountered. The m ain problem  was related to 
the reciprocating saw head w hich jam m ed several times. T his may be related to the 
age and condition o f the 3M  M axi D rive r borrowed from  the Orthopaedic
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Department, Sligo General Hospital. Figure 3.23 shows the graph w hich stems from  
jam m ing the saw during a test.
 T1  T2  T3  T4  T5  T6  T7  T0
Time (sec)
Figure 3.23: Typical temperature graph for tests in which saw blade jammed in bone specimen
The influence o f heat on the saw generated during saw ing may have stemmed from  
the continuous use o f bone saw and possible expansion in  the saw components such as 
bearings and shafts m ay have stopped blade movements. Thus, it was decided that 
some parts o f reciprocating saw such as a ll bearings and the bronze bush should be 
replaced. A fter these replacem ents, a series o f test were carried out to check saw ’ s 
perform ance and it  worked correctly.
3.11 Experiment 2
3.11.1 Bone Specimen Preparation
U sing the same source fo r bone as already explained in  section 3.5.1 and the same 
condition, a second series o f tests (Experim ent 2), w ith sm aller size o f bone specimen
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were conducted in beams o f bone o f approxim ately 90mm x  15mm x  7.5m m . A ll 
bone specim ens were carefully cut using a low  speed band saw to sim ilar size. In 
these series o f tests, the previous bone clam ping fixture was m odified to retain the 
sm aller specimen.
For temperature measurements, three therm ocouples were inserted and glued into the 
specimens at the distance of 3mm from  each other and first therm ocouple was 3mm 
from  the Saw ing Zone. Figure 3.24 illustrates the therm ocouples position relative to 
the Saw ing Zone in Experim ent 2.
Zone 3 Zone 1
Beam specimen
Sawing Zone
Figure 3.24: Thermocouples position relative to the Sawing Zone in Experiment 2
To have controlled tests, not only were the standard size samples used, but also 
control on the rate o f cutting was made and rate o f force in relation to different cutting 
speed was monitored to observe the effects o f cutting rate on resulting force and wear 
o f saw blade as w ell as the temperature rise w hile cutting bone. The m odified bone 
fixture was mounted on a K istle r dynamometer (Type 9 2 57B A ) to measure the load 
w hile applying the saw onto the bone during sawing. The dynamometer was placed 
and screwed onto a H ounsfield m achine (H ounsfield 100 H K  S-series). The saw was 
mounted vertically on the top o f the H ounsfield m achine via a special fixture. The 
blade was fed down to the sample at three different rates o f 1, 2, and 3mm /m in. The 
setup o f the Experim ent 2 is  indicated in Figure 3.25.
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¡aw fixture
lone- fix tu re
iicid * 
ine
Hounsf l
D ynam om eter!
Figure 3.25: Schematic of the Experiment 2
P rio r to the bone cutting test, high density foam specim ens (saw bones) were cut to 
determine approxim ate cutting rates for effective cutting. Afterw ards, the speeds were 
set in  the H ounsfield m achine. The close-up picture o f cutting process in  Experim ent 
2 is shown in Figure 3.26.
Figure 3.26: Close-up of cutting process in Experiment 2
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Fo r the data logger set up, three therm ocouples were set under the same condition as 
previously explained fo r Experim ent 1. N ine specim ens were cut using this controlled 
experim ental study, with three specimens each used for various feed rates o f 1, 2, and 
3mm /m in.
3.12 Saw Blade Inspection
A ccording to m anufacturer guidelines saw blades should be used once but in  reality 
they are frequently used more than once in orthopaedic operations. A  series o f tests 
were done to investigate the m axim um  durability o f each blade and it was found on 
exam ination that each blade showed excessive wear after being used five  times. This 
deficiency m anifested as blunting could be observed by the researcher (during 
Experim ent 1) whenever the sawing procedure became d ifficu lt as more pressure was 
needed on the saw. On the first indication o f bluntness, the blade was inspected with a 
shadow graph m achine to see the teeth if  they were damaged but for further 
observation in order to identify blunting of the teeth, loss o f teeth, scouring of 
surfaces, and loss o f sets, investigation was carried out using SEM  to observe the 
difference in  the teeth profiles.
3.12.1 Blade Inspection by Shadow Graph
The blade was first inspected by a shadow graph M itutoyo (M odel: PJ 300). The 
profile o f the blade was projected and it was possible to see some damaged teeth on 
each used blade com pared to the new unused blade. The com parison o f the new blade 
and five  times used blade are shown in Figure 3.2 7a  and Figure 3.27b, respectively. 
Sharp tooth and damaged tooth are apparent in these figures.
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It  should be notified that no clam ping was necessary to hold the blade on the shadow 
graph bed.
(a) (b)
Figure 3.27: Blade profile in shadow graph (a) new, (b) damaged
3.12.2 Using SEM for Examination of the Blades
F o r this investigation, the bone chips and dust were cleaned from  the surface and teeth 
o f each blade as these could be m istaken as being damaged parts o f the blade during 
the scanning process. T his cleaning was done by means o f a 3510  Branson U ltrasonic 
cleaning bath. B lades were put into water w ith cleaning solution; B uehler Ultram et 
sonic cleaning solution; and they were left fo r at least one hour to clear the debris o ff 
the teeth and the surface o f the blades.
3.12.3 Test Set up for SEM
Blades were placed into Scanning Electron M icroscope (Type: Topcon SM  600) and 
they were retained by means o f a centering vice  as shown in  Figure 3.28. Tw o 
positions were chosen to take im ages o f each blade, one from  the cutting edge and 
another from  the view  adjacent to the cutting edge. In  each case, two sim ilar sections
D am ag ed  too th
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o f blade teeth were m arked w ith an engraver. These two sections were scanned 
separately. F irst images were taken from  a new unused blade and the second images 
were taken from  the same blade after use in  tests. The different characteristics o f a 
blade before use and after five  times usage were exam ined.
Figure 3.28: Blade setup in SEM machine
3.13 Preparation of Experimental Data for Result Analysis
Specim ens’ size and their cortical thickness were different but the C S A  o f each 
sample was calculated to observe the different effect on saw ing time, volum e o f bone 
rem oval, and fin a lly  the rate o f bone rem oval.
3.13.1 Bone Removal Volume
The volum e o f bone rem oved during a ll saw ing was verified  by measurements o f 
transected end o f bone sam ples and offset o f the blade (described in  Chapter 2) w hich 
achieved the cut.
The cross-sectional area (C S A ) o f cortical bone was calculated by means o f Im ageJ 
software. F irst o f all, the images were taken w ith a digital camera from  both
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transected sections o f the specim en. One ruler was placed in the same level with the 
transected bone to have a measurement scale for image calibration of images in 
Im ageJ software. A s can be seen in  Figure 3.29, the section lines show the lim it of 
saw ing process by means o f 3M  M axi D river Reciprocating saw. The rest o f the bone 
was cut with a band saw. Im ages were uploaded to Im ageJ software and the cross- 
sectional areas w hich were cut by 3M  M axi D river fo r both ends were calculated. The 
periphery o f the cut sample was digitised to form  an enclosed area (Figure 3.30). 
U sing the previously defined im age calibration, the digitised area o f the cut surface 
was calculated. The average C S A  from  opposing cut surfaces was calculated, using 
the area measurement function in  Im ageJ.
Figure 3.29: Transected section of bone and limit of sawing process by 3M and band saw
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Figure 3.30: Illustration of CSA of the transected section of bone
F in a lly , the volum e o f rem oved bone was determined by m ultiplying the C S A  o f the 
cut bone surface by the blade offset.
V o ll l tn C  removed bone ~  C S A  cut bone surface ^  1$la d e  o f f s e t
3.13.2 Rate of Bone Removal
The average rate o f bone rem oval was calculated from  the volum e o f removed bone 
divided by the saw ing time recorded during experim ents fo r each specimen.
Average rate o f  bone removal = Volume removed bone /  Sawing time
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Chapter 4
Results and Discussions
4.1 Overview
T h is study has been concerned p rim arily w ith an investigation into the temperature 
associated w ith frictio nal rubbing during cutting o f bone w hich can result in necrosis. 
The overall objective o f the study was to focus on the magnitude o f temperature in the 
cutting zone and the size o f the overheated zone relative to the cutting position with 
the investigation of the effect o f various other parameters such as bone C SA , rate of 
cutting and cutting forces on the size o f the affected zone.
Tw o series o f experim ents were perform ed as explained in  Chapter 3. In  the first 
series (Experim ent 1), the saw ing procedure was perform ed by hand using the 3M  
M axi D river reciprocating saw and the bone specimens used were the entire mid 
diaphysis o f tibia. In  the second series (Experim ent 2), beams o f bone of 
approxim ately 90mm x  15mm x  7.5m m  were used. The bone fixture was mounted on 
a K istle r dynamometer, on a H ounsfield m achine to measure the load w hile m oving 
the saw into the bone during saw ing at constant rates. The saw was mounted on the 
top o f the H ounsfield m achine via  a special fixture. The blade was fed down to the 
sample at three different rates o f 1, 2, and 3m m /m in. Temperature measurements were 
made by T-type therm ocouples and recorded by data logger.
4.2 Typical Temperature Measurement Graph
The baseline temperature for these experim ents was room temperature on the day of 
a ll trials and this was typically 21°C . Norm al body temperature is 37°C  w hich is 16°C 
above the baseline temperature fo r these experiments. Therefore, this difference was
Chapter 4: Results and Discussions
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added to a ll temperature measurements in  accordance with previously established 
procedures fo r this type o f experim ental process (Krause et al., 1982).
■T1  T2 -T3 -T4  T5 -T6 -T7 T8 Threshold for Necrosis
Time (sec)
Figure 4.1: Typical temperature measurement graph in Experiment 1 showing 3 zones
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Figure 4.2: Temperature at different location from drilling site (Bachus et al., 2000)
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Figure 4.1 illustrates a typical graph of temperature measurement versus time for all 8 
thermocouples in Experiment 1. It may be observed from Figure 4.1 that there are 
three distinct clusters of data each corresponding to the measurement zones in which 
thermocouples were placed as described in Chapter 3 and shown again in Figure 4.3 
(Tl, T2, T3, and T4 in Zone 1; T5, T6, and T7 in Zone 2; T8 in Zone 3).
Zone 3 4  O
Zone 2 ^
Zone
Sawing Zone
Figure 4.3: Thermocouples arrangement relative to Sawing Zone in Experiment 1
This result is similar to that of Bachus et al. (2000) showing different temperature in 
different location from the drill site as shown in Figure 4.2. In both of these graphs it 
may be observed that there is a linear increase in the temperature until it reaches a 
peak value with a decline in the temperature after removal of the cutting tool from the 
bone. Although the time taken for cutting is less for studies carried out by Bachus et 
al. (2000) the characteristics of the time temperature response are very similar.
As expected, the cortical bone temperatures recorded by thermocouples positioned in 
Zone 1, 3mm away from the Sawing Zone were always higher than those recorded by 
thermocouples located either in Zone 2 or Zone 3, 6mm and 9mm from the Sawing 
Zone, respectively. In addition, Zone 1 is closest to the region where bone necrosis, 
due to the excessive heat generation is most likely to occur. As such, this zone is of 
primary importance to clinicians and researchers investigating the effect of thermal 
necrosis.
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From the literature it was observed that the threshold temperature for necrosis is in the 
range of 44°C and 47°C (Eriksson et al., 1984). For this experiment, it was decided to 
consider the minimum value of necrosis, 44°C as shown in Figure 4.1. In Figure 4.1, 
Zone 1 displayed a rapid linear increase in temperature over time period of 240 sec to 
the point which sawing was stopped (peak point) in the region of A. The region A 
includes Stage 1 and Stage 2 of cutting as shown in Figure 4.4. Stage 1 is the first 
contact of the blade and the bone resulting in temperature increase (starting point of 
Figure 4.1). Temperature increase continues due to the progress of the cutting blade 
into the specimen in Stage 2 until the blade totally passes the thermocouples location 
(Stage 3 in Figure 4.4). At Stage 3, a transverse cut half way through the bone was 
obtained as described in Chapter 3 and sawing was stopped. It may also be observed 
that the see-sawing action used to commence the cutting process has negligible effect 
on the profile of the Time/Temperature curves as shown in Figure 4.1.
F igure 4.4: Three stages of cutting showing blade relative to thermocouples
The gradual nonlinear decrease of temperature over the time period of 1160 sec can 
be observed in region B to the point at which baseline temperature was reached. This 
decrease looks exponential as expected due to heat loss to environment during 
cooling. In the literature, it was noted that if no insulation in the matter of heat 
transfer is used, there would be heat loss to the surrounding environment and the 
graph will be exponential.
The same trend was observed for Zone 2 and Zone 3 with lower maximum 
temperature response and with a time lag at maximum points as it expected because of 
time taken for heat to travel through the bone from zone to zone. There is a time lag of 
40 sec between Zone 1 and Zone 2, and 20 sec between Zone 2 and Zone 3.
In Zone 2, there is a sharp linear increase in temperature over 210 sec and 
subsequently decreasing over 1120 sec. In Zone 3, the increase occurs over 170 sec 
with temperature decreasing slowly over 1100 sec. From Figure 4.1, all 3 zones 
exceeded the limit for threshold temperature for necrosis and this was observed to 
occur in all trials in Experiment 1.
Experiment 1 was carried out on 20 bone samples. Analysis was carried out on the 
resulting data to find the cross-sectional area (CSA) of the bone cut, volume of the 
bone removal, and finally the approximate bone removal rate, so that the effect of 
these parameters on temperature could be evaluated.
In Experiment 2, three thermocouples were used to record the temperature data from 
the beam of bone. The typical temperature measurement graph for this experiment is 
indicated in Figure 4.5 showing similar trends to those of Experiment 1 but slightly 
lower temperatures were observed most likely due to the smaller CSA of the bone cut 
and shorter blade-bone contact time which could be result in less contact friction
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which generates localised heating. Linear increase in temperature over 230 sec was 
observed in Zone 1. When the specimen was cut, gradual exponential decline can be 
seen over the time period of 800 sec until the baseline temperature was reached. In 
Zone 2 and Zone 3, the trend was similar to that of Zone 1 with lower temperature. 
The linear increase after 120 sec for Zone 2 and after 160 sec for Zone 3 is displayed. 
Finally, temperature decreased over 760 sec and 730 sec for Zone 2 and Zone 3, 
respectively.
 T1  T2 — T3 1 -  — Threshold for Necrosis
Time (sec)
F igure 4.5: Typical temperature measurement graph in Experiment 2
4.3 Experiment 1 Results
4.3.1 Average Maximum Temperatures in each Zone
Figure 4.6 shows the average maximum temperatures for 20 tests in three different 
zones at 3, 6, and 9mm away from the Sawing Zone. The data was pooled and average 
maximum temperatures in each zone were calculated.
As can be seen in Figure 4.6, there is some scatter in each zone which may be 
expected with experimental measurements in bone. This scatter could also be due to 
uncontrolled rate of cutting, different CSA of bone and different thermal properties of 
bone, and was the key reason a controlled series of experiments (Experiment 2) was 
conducted.
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Figure 4.6: Comparison of necrosis threshold with average maximum temperatures in 3 zones
It can be observed from the graph that temperatures in all 3 zones exceeded the 
threshold temperature for necrosis. Average maximum temperatures of 78±9°C, 
60±6°C, and 52±5°C were observed in Zone 1, Zone 2, and Zone 3, respectively.
Using the temperature values in each zone, it is possible to extrapolate the 
temperature value at any time interval during experiment such as 100, 200, and 300 
sec. In contrast to the previous studies conducted by Krause (1977), Krause et al. 
(1982), and Wachter and Stoll (1991), in this study, no thermocouple was placed on 
the saw blade to measure the actual temperature on the saw blade. However, it was
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possible to extrapolate the temperature at sawing position (Sawing Zone) by having 
the three values for 3 existing zones in Experiment 1 as shown in Figure 4.7.
To assess maximum saw blade temperature, maximum temperature (peak points) in 
all 3 zones was chosen as shown in Figure 4.7. These three values for all trials are 
plotted against distances as illustrated in Figure 4.8 and assuming a heat loss to the 
surrounding environment, the saw blade temperature is extrapolated by fitting an 
exponential curve through the data points.
— 'T1  T2  T3  T4  T5  T6  T7  T8
Tim e (sec)
F igure 4.7: Selection of maximum temperature in zones for extrapolation of saw blade temperature
86
Distances (mm)
F igure 4.8: Extrapolated values for Sawing Zone
The extrapolated temperatures at the Sawing Zone are indicated in Table 4.1. The 
extrapolated pooled mean value for the saw blade temperature for all tests was 
89±12°C.
Krause (1977) and Krause et al. (1982) reported temperature exceeding 150°C and 
200°C on the saw blade, respectively, while temperature greater than 100°C was 
recorded by Wachter and Stoll (1991). In this research, temperature over 100°C was 
observed at Sawing Zone in four test trials in Experiment 1. Different experimental 
conditions in our experiment compare to Krause (1977), Krause et al. (1982) and 
Wachter and Stoll (1991) such as employing different cutting saw blades, variations in 
specimen thickness and inherent variations in structural, mechanical, thermal 
properties of bone might be the reason for variations in temperature response, 
therefore, it is difficult to draw general conclusions.
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rr. „ , ,  A verage m axim um  T est No. 6 ,0„.saw tem pera tu re  ( C)
I 76
2 66
3 92
4 90
5 106
6 76
7 91
8 94
9 76
10 95
11 81
12 86
13 102
14 91
15 87
16 88
17 102
18 119
19 79
20 90
M ean± SD 89±12
Table 4.1: Extrapolated average maximum saw temperature in each test in Experiment 1
4.3.2 Total Time that Temperatures Exceeded 44°C
Chapter 2 highlighted that if the temperature elevation during cutting of bone exceeds 
44°C for longer than 1 min (60 sec), bone repair is impaired (Eriksson et al., 1984). 
Therefore, in the Experiment 1, for each zone the total time that the temperature in 
that zone exceeded 44°C was monitored and recorded. For this, in each zone one 
thermocouple was chosen and the total period for which temperature exceeded the 
necrosis threshold was measured. If this value is more than 60 sec, it may be assumed 
that the bone in this zone could undergo necrosis. Figure 4.9 shows a graph of results 
analysis and indicates that in all except one test, all zones exceeded the time 
temperature threshold for necrosis.
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F igure 4.9: Illustration of zones exceeding necrosis value more than 60 sec for 20 tests
4.3.3 Rate of Temperature Increase
To establish the variation in rate of temperature increase in each zone the rise time for 
all three zones for 20 tests was calculated. To investigate this, two points were chosen 
in the linear portion of the typical temperature measurement graph for each zone and 
the rise times (AT/At =°C/sec) were calculated. The result of this calculation is 
indicated in Figure 4.10. The rate of temperature increase is affected by the 
temperature difference between two points (one hot, one cold), the thermal 
conductivity of the material and the CSA of the material, and time over which 
temperature transfer occurs. In the case of this experiment, it is assumed that the only 
variable is the CSA of the specimen and results for temperature increase were plotted 
against CSA of cut specimen (Figure 4.11). A neutral relationship can be observed in 
all 3 zones as illustrated in Figure 4.11, so it may be concluded that different CSA 
values will not have a significant impact on the temperature increase.
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Figure 4.10: Comparison of rise time in 3 different zones for 20 tests
■  Zonel A Zone2 •  Zone3  Linear (Zone l) —  ■ Linear (Zone2) - -  - Linear (Zone3)
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Figure 4.11: Illustration of rise time versus CSA in 3 zones
For CSA values, there were only 15 measured values out of 20 samples because the 
first 5 samples were lost due to storage problems, so the work was carried out just for
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15 samples. The CSA values for these specimens and the time which took for sawing 
are shown in Table 4.2.
Test No. CSA (nun2) Sawing tim e (sec)
6 802 600
7 658 600
8 670 480
9 727 420
10 836 480
11 673 360
12 612 480
13 676 600
14 491 480
15 520 300
16 627 360
17 482 420
18 642 300
19 561 240
20 693 240
Table 4.2: Various CSA and sawing time for different bone samples in Experiment 1
4.4 Experiment 2 Results
4.4.1 Average Maximum Temperatures in each Zone
Average maximum temperature in each zone for Experiment 2 for different cutting 
rates may be seen in Table 4.3. The same assumption was made for this experiment 
regarding exponential transfer of heat through the specimen, so values at the Sawing 
Zone were extrapolated in a similar manner. The pooled mean value of temperature at 
different rates of cutting for different zones is also illustrated in Table 4.3 and the 
graphical relation is shown in Figure 4.12. These values are lower in comparison to 
the values in Experiment 1 (78°C, 60°C, and 52°C). The recorded range is smaller, 
and this is most likely due to the greater control in terms of cutting rates, and 
specimen sizes.
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Average maximum temperature (°C)
Test No. Cutting rate Zone 1 Zone 2 Zone 3 Sawing Zone
1 78 67 63 85
2 73 60 48 86
3
1 (mm/min)
70 58 50 78
Pooled mean±SD 74±4 61±5 54±8 83±4
4 56 50 45 62
5 59 51 47 64
6
2 (mm/min)
56 47 43 62
Pooled mean±SD 51 ±2 49±2 45+2 63±2
7 68 52 46 78
8 52 45 41 57
9
3 (mm/min) 62 50 45 70
Pooled mean±SD 61±8 49±4 44±3 68±11
Table 4.3: Average maximum temperatures and pooled mean at 3 cutting rates in 4 zones
♦  Pooled mean (1 mm/mln) ta Pooled mean (2 mm/mln) A Pooled mean (3 mm/mln)
Threshold for Necrosis —  “ -Expon. (Pooled mean (1 mm/min))  Expon. (Pooled mean (3 mm/min))
—  -  Expon. (Pooled mean (2 mm/mln))
Distances (m m)
Figure 4.12: Pooled mean value of temperatures at different rates at various distances
Although specimen CSA was smaller for these specimens than used in Experiment 1, 
all zones exceeded the threshold temperature for necrosis. Higher temperature was 
measured for the rate of 1 mm/min in all zones in comparison to other cutting rates 
while a similar temperature response can be seen in the rate of 2 and 3mm/min.
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4.4.2 Total Time that Temperatures Exceeded 44° C
The same process to evaluate the period of time that temperature exceeds the 
threshold for necrosis as explained earlier in section 4.3.2 was carried out for 
Experiment 2 and shown in Figure 4.13. As in Experiment 1 the temperature in all 
three zones exceeded the temperature threshold for necrosis and therefore, it is likely 
that cell necrosis could occur in all zones. The total time that temperature in each zone 
exceeds this threshold is less in Experiment 2 most likely due to shorter cutting time 
which will affect bone-blade contact time. Reduction of this bone-blade contact would 
likely reduce frictional heat generated in the cutting zone.
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Figure 4.13: Illustration of zones exceeding necrosis value more than 60 sec for 9 tests
4.4.3 Effect of Cutting Rates on Temperature Response
Figure 4.14 shows the average maximum temperatures which were observed in 3 
zones for experiments conducted at various rates which is quite similar to that of
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Krause (1977) who illustrated temperature versus different feed rates as a function of 
depth of cut for bone bur (Figure 4.15).
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Figure 4.14: Average maximum temperatures lor 3 /.ones at different rates
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Figure 4.15: Temperature rise as a function of feed rate (Krause, 1977)
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It should be noted that the common parameter in this research and Krause (1977) 
study is material removal rate. From these curves, it is possible to observe that 
increasing the cutting rate resulted in decreasing the temperature values in agreement 
with Krause et al. (1982) who indicated that increasing the feed rate decreases the 
bone-bur contact resulting in reduction of frictional forces and the amount of heat 
generated.
It should be also noted that the highest temperature was observed at the rate of 
lmm/min in all 3 zones. The minimum temperature in Zone 1 was observed while 
cutting at a rate of 2mm/min, and subsequently this temperature was found to increase 
when the cutting rate increased to 3mm/min. In the case of Zone 2 and Zone 3 it may 
be observed from Figure 4.14 that the recorded temperature is relatively constant at 
cutting rates of 2mm/min and 3mm/min.
A one way analysis of variance was conducted using Minitab (Version 14.1), to assess 
the statistical significance of the cutting rate effect on the temperatures recorded in the 
various measurement zones. The results of this analysis are shown in Figure 4.16.
Source DF SS MS F P
Cutting rate (mm/min) 2 890.9 445.4 6.39 0.006
Error 24 1671.8 69.7
Total 26 2562.7
S = 8.346 R-Sq = 34.76% R-Sq(adj) = 29.33%
Individual 95% CIs For Mean Based on 
Pooled StDev
StDev ------ +----------+----------+---    —  +---
10 .112  (  *  )
5.525 (------- *-------)
8.729 (--------*-------- )
---------- +----------------+---------------- H---------------- +-----
49.0 56.0 63.0 70.0
Pooled StDev = 8.346
Figure 4.16: Result o f one way ANOVA on the effect of cutting rate on record temperature
Level N Mean
1 9 63.000
2 9 50.444
3 9 51.222
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From this analysis it may be observed that the p-value (P) calculated is 0.006 (p<0.05) 
which supports the hypothesis that the cutting rate affects the magnitude of the 
temperature generated in the cutting process.
In this study, it was shown with higher cutting rates, there is a shorter blade bone 
contact time resulting in less heat generated and also shorter time for temperature to 
return to baseline temperature. This is in accordance to Sharawy et al. (2002) who 
drilled porcine jawbone. Therefore, it seems likely that is advantageous to use higher 
rates for cutting than 3mm/min in dense bone, because it should reduce the time of 
sawing and generate less heat.
4.4.4 Force Measurement
Figure 4.17 indicates the typical force measurement at the cutting rate of 2mm/min. In 
region A, the blade makes contact with the bone. The blade then cuts through the 
specimen making a full contact with the bone and the force response is shown in 
region B. The fluctuation of force in this region might be due to occurrence of fracture 
and bone chipping or blade vibration during this time period. Finally, in region C the 
bone was totally cut through and cutting force drops back to zero.
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 Typical force in 2 mm/min
Tim e (sec)
Figure 4.17: Typical force graph for cutting rate of 2 mm/min
4.4.5 Comparison of Different Forces at Different Cutting Rates
The average forces in the duration of cutting for each cutting rate were calculated and 
they were then plotted against the cutting rates. Figure 4.18 shows that the highest 
force was observed at the least cutting rate of lmm/min. There is a sharp decline in 
the force value as the cutting rate was increased. When increasing the cutting rate 
from 2mm/min to 3mm/min, slight increase in the force value was detected, however, 
it is not possible to conclude from this data alone if this trend would continue for 
further increase in cutting rates.
Krause et al. (1982) measured the force applied by a surgeon during sawing of bone, 
using a reciprocating saw; and found a vertical force of 4.5 N to 7 N. The result of our 
study showed this vertical force value can be variable even with constant cutting rates, 
while the cutting rate also varies with feed rate with the force value varying between 
IN  and ION.
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Figure 4.18: Illustration of average force at 3 different cutting rates
It should be noted that more consistent load was observed at rate of 2mm/min in 
Experiment 2; however, there are insufficient results from this study to prove 
conclusively that this would be the optimum cutting rate for bone. Other factors that 
would have to be considered are the potential variations in mechanical properties of 
the bone used in experiments, the effects of variations in cutting blade design and the 
use of external variants such as coolant.
It is also suggested that the clinicians interrupt the cutting process at least every 5 sec 
for at least 10 sec. The interruption will dramatically reduce the time the cortical bone 
temperature is elevated. This is most important in the most dense bone types 
(Sharawy et al., 2002; Wachter and Stoll, 1991). As was shown in our experiment 
when the cutting blade was jammed in the bone specimen and had to be released, 
there was a decrease in temperature (Figure 4.19).
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Figure 4.19: Temperature decrease as a result of sticking blade
4.5 Blade S E M  Observation Results
In Chapter 3, the process for observation of the damaged blade using Scanning 
Electron Microscope was explained. The side and the cutting edge of a new unused 
blade tooth before the cutting action may be seen in Figure 4.20 and Figure 4.21, 
respectively. The sharp edges are clear in these images. There are some black spots on 
the tooth which is probably related to the manufacturing process and tooth surface is 
not that polished in these SEM images which can not be seen by naked eyes. After 
subsequent cutting trials up to five cutting trials, another series of SEM images were 
taken from the same tooth which are indicated in Figure 4.22 and Figure 4.23. The 
blunt edges are distinguishable and it was observed that the rate of wear is more 
pronounced on the cutting tooth between forth and fifth trial.
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Figure 4.20: SEM image of new unused blade in view adjacent to the cutting edge
Figure 4.21: SEM image of cutting edge of the new unused blade
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Figure 4.22: SEM image of used blade in view adjacent to the cutting edge
Figure 4.23: SEM image of cutting edge of the used blade
It can be seen that the cutting edge in Figure 4.24 is totally damaged and worn after 
15 trials.
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Figure 4.24: Cutting edge after 15 trials
Blade sharpness is one of the most significant factors in its cutting efficiency which 
should be considered in any orthopaedic surgery as much greater temperature 
elevation were recorded when a worn drill was used (Matthews and Hirsch, 1972). In 
our study, the wear of saw blade after 5 and 15 trials illustrated the damage on the 
cutting tooth. It is suggested that the cutting blade be examined by shadow graph or 
SEM and it should be replaced after each use in accordance with Allan et al. (2005) 
who studied the effect of drill wear on temperature and concluded that drills must be 
discarded after single use. In reality, most hospitals do not discard saw blades and 
drills bits after one use simply from an economic point of view.
4.6 Threshold for Necrosis
Regarding the temperature threshold for necrosis, it has been highlighted that either in 
Experiment 1 (Figure 4.7) or Experiment 2 (Figure 4.12), all zones as well as Sawing 
Zone exceeded the temperature limit of 44°C for necrosis, so did the duration of total
1 0 2
time above 44°C in both experiments. In the case of the size of the overheated zone 
relative to the cutting position, the study conducted by Bachus et al., (2000) showed 
that necrosis happens at distance of 2mm from drilling sites however there was no 
further results presented showing the extent of necrosis over the larger bone sample. 
However, this study showed thermal necrosis extends outwards from the cutting zone 
to a distance of at least 9mm either side of the cutting blade for the temperatures 
recorded. The obvious side affect of these increases in cutting temperatures and heat 
in this zone is impaired bone regeneration previously established by other researchers 
(Eriksson et al., 1984), infection and reduced mechanical strength of bone (Christie, 
1981), and delayed post operative healing (Pallan, 1960).
Due to the low thermal conductivity of bone, heat generated during cutting is not 
dissipated quickly but remains around the cutting site. It is reasonable to assume 
therefore based on the results from Experiment 1 and Experiment 2 that the creation 
of even higher temperatures than recorded during these experiments could lead to 
extension of the cutting zone beyond the 9mm distance measured with this 
experimental arrangement thus leading to local necrosis, delaying bone repair.
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Chapter 5
Conclusions and Future Work
Two experiments were carried out which have shown the extent of the temperature 
gradient in three zones through the bone in all trials. The data from these experiments 
was found to be in good agreement with published literature. It was not possible to 
compare other results from this experimental work such as cutting feed rate effects 
during bone sawing due to lack of information in the literature.
The main conclusions from this research work may be summarised as follows:
1. A technique for measurement of temperature in the localised cutting zone 
while sawing of bone has been developed.
2. There will be a region of bone at least 9mm either side of the cutting blade 
with impaired bone regeneration as temperatures in this region exceeded the 
threshold temperature for necrosis in all experiments. It has previously been 
established that this will lead to an increase in bone healing time and could 
cause reduced bone strength in this region.
3. The results of this research shows that there is an exponential relationship 
between the temperature measured in the three cutting zones assuming a 
potential heat loss which may be due to environmental or material factors.
4. The cutting rate of 2mm/min has been identified as the optimum rate for 
cutting of bone using a reciprocating saw as minimum cutting temperatures 
was observed for this rate. Furthermore, it may be observed that the minimum 
cutting forces were also measured at the same cutting rate.
5. Increasing the cutting rate from lmm/min to 2mm/min led to a decrease in the 
temperature and cutting force, as well as the total duration for which the bone
Chapter 5: Conclusions and Future Work
104
was subjected to a temperature above 44°C (threshold temperature for 
necrosis). It was noted that the further increase in cutting rate has minimal 
effect on temperature reduction in Zone 2 and Zone 3 away from the cutting 
blade.
6. From a one way Anova conducted on the data it was observed that a p-value of 
less than 0.05 supported the hypothesis that the cutting rate affects the 
magnitude of the temperature generated in the cutting process.
7. Assuming blade wear (as was observed in our experiments) occurs at a 
typically constant rate we conclude that the cutting blade should be replaced 
after each use as they are frequently used more than once in operating theatres.
8. No attempt was made to cool down the cutting site using saline solution or any 
coolant during either in Experiment 1 or Experiment 2. It has previously been 
shown to be beneficial to use coolant while cutting bone during drilling studies 
and further research should be conducted to investigate the effect of this 
process on bone cutting using reciprocating saws.
9. Previous researchers have proposed the interruption of the cutting process and 
application of intermittent load rather than continuous load while cutting bone. 
The interruption would reduce the time the cortical temperature is elevated 
(Sharawy et al., 2002; Wachter and Stoll, 1991). This study has not 
considered the effect of intermittent loading during sawing but some 
experiments conducted where the bone saw stuck and had to be freed showed 
that temperature dropped during the process of saw extrication suggesting that 
this merits further investigation.
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10. A detailed study of a greater range of cutting rate effects could provide a 
greater insight to the effect of cutting rate on cutting forces, cutting 
temperatures and optimized sawing conditions and this should be conducted 
with a range of controlled specimen sizes and specimen cross sectional areas.
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Squirrel 2020
DATA LOGGERS GrantD A T A  L O G G I N G
System Specification
Input channels:
ANALOG INPUT CHANNEL OPTIONS ADDITIONAL CHANNELS
2 0 2 0
TYPE
ADCs DIFFERENTIAL SINGLE ENDED 3 OR 4 WIRE PULSE EVENT/DIGITAL HIGH VOLTAGE INTERNAL CHANNELS
1F8 x 1 8 16 0 ( 2 x fast - 64kHz) & (2 x slow -100Hz) 8 State inputs or 1 x 8 bit Binary 2 1 Temperature
2F8 x 2 8 16 4 ( 2 x fast - 64kHz) & (2 x slow -100Hz) 8 State inputs or 1 x 8 bit Binary 2 1 Temperature
Standard ranges for temperature channels:
Each channel can be individually set to any of the ranges listed below. Pt100 to IEC751 and JIS1604 and Pt1000 to IEC751
INPUT TYPE RANGES °C RANGES “F INPUT TYPE RANGES °C RANGES °F
Y & U: Thermistor -50 to150 •58 to 302 K: Thermocouple -200 to Î372 -328 to 2501
•S: Thermistor •30 to 150 -22 to 302 T: Thermocouple -200 to 400 -328 to 752
J: Thermocouple •200 to 1200 -328 to 2192
Pt 100/PH 000 -200 to 850 -328 to1562 N: Thermocouple -200 to 1300 -328 to 2372
R & S:Thermocouple -50 to 1768 -58 to 3214
Standard ranges for d.c. voltage/current and resistance channels:
Each voltage/current channel can be any of the voltage or current ranges below. Mixed differential and single ended configurations are permitted. 
Note: current ranges use differential input channels.____________________
VOLTAGE RANGE VOLTAGE RANGE HIGH VOLTAGE RANGE CURRENT RANGE 
1F>-Î ino  s-lurJTÏ
RÉSISTANCE RANGE
i TOL.
Resistance range
3 A.-vü 4 wiRf
-0.075 to 0.075V -3.0 to 3.0V 4.0 to 20.0V -30.0 to 30.0mA 0.0 to 1250.0 f t 0.0 to 500.0 (I
•0.15 to 0,15V -6.0 to 6.0V 4.0 to 40.0V 4 to 20mA 0.0 to 5000.0 l ì 0.0 to 4000.0 f i
-0.3 IO 0.3V -6.0 to 12.0V 4.0 to 60.0V 0.0 to 20000-0 f i
-0.6 to 0.6V -6.0 to 25.0V 0.0 to 300000.0 £1
-0.61O 1.2V
-0.6 to 2.4V
ANALOG INPUTS
Accuracy: (at 25°C) voltage and resistance 
± (0,05% readings + 0.025% range)
Common mode rejection: 100dB 
Input impedance: > 1Mfl 
Linearity: 0.015%
Series mode line rejection: 50/60Hz 100dB
ANALOG-DIGITAL CONVERSION 
Type: Sigma-Delta 
Resolution: 24bit
Sampling rate: up to 10, 20* or 100* readings 
per second per ADC. No 100Hz on 1F8.
ALARM OUTPUTS
4 x open drain FET (18V 0.1A)
POWER OUTPUT FOR EXTERNAL DEVICE
Regulated 5 VDC at 50mA or logger supply voltage 
at 100mA
TIME AND DATE
In built clock in 3 formats
SCALING DATA
Displays readings in preferred engineering units. 
MEMORY
Internal: 16Mb (Up to 1,800,000 readings) 
External: Up to 64Mb - removable MMC 
(For transferring internal memory and storing 
setups only)
* With mains rejection off
CALCULATED CHANNELS
Up to 16 virtual channels derived from 
physical input channels
RESOLUTION
Up to 6 significant digits
PROGRAMMING/LOGGER s e tu p
SquirrelView or SquirrelView Plus software
COMMUNICATION
Standard: RS232 (Auto bauding to 115k baud) 
USB 1.1 and 2.0 compatible 
External options: Ethernet, GSM and 
PSTN Modems
POWER SUPPLY
Internal: 6 x AAAlkaline batteries
External: 10-18VDC
Reverse polarity and over-voltage protected
POWER CONSUMPTION @ 9V 
Sleep mode: 600pA 
Logging: 40-80mA
DIMENSIONS AND WEIGHT 
Dimensions: W235 x D175 X H55mm 
Weight: Approx 1.2kgs 
Enclosure material: ABS
MEMORY MODES (internal only)
Stop when full or overwrite
DISPLAY AND KEYPAD
2 line x 40 character LCD display 
Battery state and external power indicator 
Keypad lock 
Navigate to:
Arm/disarm/pause/continue 
Meter any channel or alarm 
Select from up to 6 x pre-stored setups 
Status/diagnostics/memory/time and date 
Download to MMC
OPERATING ENVIRONMENT
-30"C to +65°C
Humidity: 90% at 40°C non condensing 
ACCESSORIES
MPU 12V: Universal (97-263V AC)
power supply 
LC76: DC lead
SQ20RB12-6: External rechargeable battery 
(12V, 6Ah)
SB102: 25 way digital I/O connector
CS202: Current shunt kit (8 x 10n 0.125W)
PEL4: Rugged weather proof enclosure
CAL2020: Test and Calibration certificates
SQ20A802: External GSM communications kit
SQ20A801: External Ethernet adaptor kit
MMC64: Multi Media Card
(P lease see p rice  lis t  f o r  a dd itio na l accessories)
Please note: SQ2020 Is supplied with software, 
manual, USB cable, wall bracket and batteries.
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Software
SquirrelView - supplied with 2020
2020 logger setup, download and data export to Excel or CSV application for Windows 98, 2000 and XP. 
Features include metering and support for Modem, Ethernet and GSM communications.
SquirrelView Plus
As SquirrelView with additional features including on-line or historical graphing of data with manual and 
automatic scaling of charts. Readings can be listed in tabular format with timestamps and statistics.
Warranty: Equipment manufactured by Grant Instruments is warranted against faulty materials or workmanship for three years For repairs 
carried out under warranty, no charge is made for labour, materials or return carriage.
CE mark: The Grant 2020 data acquisition system bears a CE mark and meets relevant European directives.
Quality Statement: Grant Instruments operates a Quality Management System complying with IS09001:2000.
II is Grant's policy to supply customers with products which are fit for their intended purpose, safe in use, perform reliably to published 
specification and are backed by a fast and efficient customer support service.
Manufactured and designed in Cambridge, England.
♦ Corporation
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Loctite
Technical Data Sheet 
Product 454
Worldwide Version, December 1995
PRODUCT DESCRIPTION
LOCTITE® Product 454 is fast curing, single component gel 
cyanoacrylate adhesive. It is specifically formulated for 
difficult to bond substrates. The gel consistency prevents 
adhesive flow even on vertical surfaces.
TYPICAL APPLICATIONS
Rapid bonding of a wide range of metal, plastic or elastomeric 
materials, particularly suited for bonding porous or absorbent 
materials such as wood, paper, leather or fabric.
PROPERTIES OF UNCURED MATERIAL
Chemical Type 
Appearance
Specific Gravity @ 25°C 
Viscosity @ 25°C, mPa.s (cP) 
Flash Point (TCC), °C
Typical
Value
Ethyl cyanoacrylate 
Clear, translucent 
1.1 
Gel 
>80
Range
TYPICAL CURING PERFORMANCE
Under normal conditions, the surface moisture initiates the 
hardening process. Although full functional strength is 
developed in a relatively short time, curing continues for at 
least 24 hours before full chemical/solvent resistance is 
developed.
Cure speed vs. substrate
The rate of cure will depend on substrate used. The table 
below shows the fixture time achieved on different materials at 
22°C, 50% relative humidity. This is defined as the time to 
develop a shear strength of 0.1 N/mm2 (14.5 psi) tested 
according to ASTM D1002.
Substrate
Steel (degreased)
Aluminum
Zinc dichromate
Neoprene
Nitrile rubber
ABS
PVC
Polycarbonate 
Phenolic materials
Fixture Time, seconds
5 to 20 
2 to 10 
10 to 20 
<5 
<5 
2 to 10 
2 to 10 
10 to 40 
2 to 10
Cure speed vs. bond gap
The rate of cure will depend on the bondline gap. High cure 
speed is favored by thin bond lines. Increasing the bond gap 
will slow down the rate of cure.
Cure speed vs. humidity
The rate of cure will depend on the ambient relative humidity. 
The following graph shows the tensile strength developed 
with time on Buna N rubber at different levels of humidity.
Cure Time, seconds
Cure speed vs. activator
Where cure speed is unacceptably long due to large gaps or 
low relative humidity applying activator to the surface will 
improve cure speed. However , this can reduce the ultimate 
strength of the bond, therefore testing is recommended to 
confirm effect.
TYPICAL PROPERTIES OF CURED MATERIAL 
Physical Properties
Coefficient of thermal expansion, ASTM D696, K'-1
Coefficient of thermal conductivity, ASTM C177, W.m 
Glass transition temperature, ASTM, E228, °C
"1K"1
Electrical Properties
Dielectric constant & loss, 25°C, ASTM D150 
measured at 100Hz
1kHz 
10kHz
Volume resistivity, ASTM D257, £2.cm 
Surface resistivity, ASTM D257, Q 
Dielectric strength, ASTM D149, kV/mm
PERFORMANCE OF CURED MATERIAL
(After 24 hr at 22°C)
Constant
2.65 
2.75
2.65
80x1  O’6 
0.1 
120
Loss
<0.02 
<0.02 
<0.02 
1 x 1 0 16 
1 x 1 0 16 
25
T yp ica l
Value Range
ear Strength, ASTM D1002/DIN 53283
Grit Blasted Steel, N/mm2 22 18 to 26
(psi) (3200) (2600 to 3800)
Etched Aluminum, N/mm2 15 11 to 19
(psi) (2200) (1600 to 2800)
Zinc dichromate, N/mm2 7 4 to 10
(psi) (1000) (600 to 1500)
ABS, N/mm2 13 6 to 20
(psi) (1900) (900 to 3000)
PVC, N/mm2 13 6 to 20
(psi) (1900) (900 to 3000)
Polycarbonate, N/mm2 12.5 5 to 20
(psi) (1800) (700 to 3000)
Phenolic, N/mm2 10 5 to 15
(psi) (1500) (700 to 2200)
Neoprene rubber, N/mm2 10 5 to 15
(psi) (1500) (700 to 2200)
Nitrile rubber, N/mm2 10 5 to 15
(psi) (1500) (700 to 2200)
nsile Strength, ASTM D2095, DIN 53282
Grit Blasted Steel, N/mm2 18.5 12 to 25
(psi) (2700) (1700 to 3600)
Buna N rubber, N/mm2 10 5 to 15
(psi) (1500) (700 to 2200)
NOT FOR PRODUCT SPECIFICATIONS.
THE TEC H N IC A L DATA CO NTAINED HEREIN ARE INTENDED AS REFERENCE ONLY.
PLEASE CO NTACT LOCTITE CORPORATION Q U A LITY  DEPARTM ENT FOR ASSISTANCE AND RECOMMENDATIONS ON SPECIFICATIONS FOR THIS PRODUCT. 
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TYPICAL ENVIRONMENTAL RESISTANCE
Test Procedure : Shear Strength ASTM D1002/DIN 53283
Substrate: Grit blasted mild steel laps
Cure procedure: 1 week at 22°C
Hot Strength
Heat Aging
Chemical / Solvent Resistance
Aged under conditions indicated and tested at 22°C.
Solvent Temp. % Initial strength retained at
100 hr 500 hr 1000 hr
Motor Oil 40°C 85 85 75
Leaded Petrol 22°C 100 100 100
Ethanol 22°C 100 100 100
Isopropanol 22°C 100 100 100
Freon T.A. 22°C 100 100 100
Humidity 95% RH 40°C 65 55 50
Humidity 95% RH 40°C 100 100 100
polycarbonate
GENERAL INFORMATION
This product is not recommended for use in pure oxygen 
and/or oxygen rich systems and should not be selected 
as a sealant for chlorine or other strong oxidizing 
materials.
For safe handling information on this product, consult the 
Material Safety Data Sheet, (MSDS).
Directions for use
For best performance surfaces should be clean and free of 
grease. This product performs best in thin bond gaps, 
(0.05mm). Excess adhesive can be dissolved with Loctite 
clean up solvents, nitromethane or acetone.
Storage
Product shall be ideally stored in a cool, dry location in 
unopened containers at a temperature between 8°C to 21 °C 
(46°F to 70°F) unless otherwise labeled. Optimal storage 
conditions for unopened containers of cyanoacrylate products 
are achieved with refrigeration: 2°C to 8°C (36°F to 46°F). 
Refrigerated packages shall be allowed to return to room 
temperature prior to opening and use. To prevent 
contamination of unused product, do not return any material 
to its original container. For specific shelf life information 
contact your local Technical Service Center.
Data Ranges
The data contained herein may be reported as a typical value 
and/or range (based on the mean value ±2 standard 
deviations). Values are based on actual test data and are 
verified on a periodic basis.
Note
The data contained herein are furnished for information only 
and are believed to be reliable. We cannot assume 
responsibility for the results obtained by others over whose 
methods we have no control. It is the user's responsibility to 
determine suitability for the user's purpose of any production 
methods mentioned herein and to adopt such precautions as 
may be advisable for the protection of property and of persons 
against any hazards that may be involved in the handling and 
use thereof. In light of the foregoing, Loctite Corporation 
specifically disclaims all warranties expressed or implied, 
including warranties of merchantability or fitness for a 
particular purpose, arising from sale or use of Loctite 
Corporation’s products. Loctite Corporation specifically 
disclaims any liability for consequential or incidental 
damages of any kind, including lost profits. The 
discussion herein of various processes or compositions is not 
to be interpreted as representation that they are free from 
domination of patents owned by others or as a license under 
any Loctite Corporation patents that may cover such 
processes or compositions. We recommend that each 
prospective user test his proposed application before repetitive 
use, using this data as a guide. This product may be covered 
by one or more United States or foreign patents or patent 
applications.
Loctite is a Registered Trademark of Loctite Corporation, Hartford, CT 06106
